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Forests are essential suppliers of raw materials for industrial products and renewable 
energy, which can help mitigate climate change. In Europe, the market for forest 
bioenergy and other wood products is expected to continue growing in the future. 
Therefore, new procurement methods and assortments with high energy efficiencies 
and low greenhouse gas (GHG) emissions are required from a climate change 
perspective. One alternative to current conventional supply chains is utilizing integrated 
supply chains where residual forest biomass is harvested and transported together with 
stemwood. Additionally, mobile production systems, such as small-scale mobile pellet 
plants that are situated close to the raw material source, could increase the efficiency of 
residual forest biomass supply chains, especially in regions with long transportation 
distances to industry. The overall aim of this thesis was to assess the cost, energy use, 
GHG emissions and other relevant environmental impacts (terrestrial acidification, 
marine and fresh water eutrophication, photochemical oxidant formation and fossil fuel 
depletion) of conventional and integrated forest supply chains in Northern Sweden to 
provide knowledge that could stimulate the development of more efficient supply 
chains. The assessment included modelling of conventional and integrated forest supply 
chains in Northern Sweden, a case study in Western Canada, and modelling of a mobile 
production system for pelletizing logging residues. A life cycle assessment approach 
was used in the analyses. 
The results showed that integrated supply chains have the potential to reduce the 
supply cost for non-stemwood assortments. Furthermore, the integrated supply chains 
were more energy efficient than conventional supply chains, and have the potential to 
reduce GHG emissions by approximately 13%. The reduction in terrestrial 
acidification, marine and fresh water eutrophication, photochemical oxidant formation, 
and fossil fuel depletion associated with switching from a conventional to integrated 
supply chain was 17%, 24%, 17%, 17%, and 13%, respectively. The evaluated Swedish 
supply chains also showed, on average, better environmental profiles per oven dry 
tonne than the Canadian supply chains that were assessed.  The environmental 
performance of a small-scale mobile pellet production system operating at forest 
landing and at forest terminal was similar in both alternatives. However, if the terminal 
had access to the power grid, then the environmental impacts (with the exception of 
fresh water eutrophication potential) decreased, and operating at the terminal became a 
better option from a life cycle assessment perspective. 
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 ALCA  Attributional life cycle assessment 
BWT Bundled whole small trees  
CH4  Methane 
CLCA  Consequential life cycle assessment 
CO2  Carbon dioxide 
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l  Liter 
LCA  Life cycle assessment 
LCI  Life cycle inventory 
LCIA  Life cycle impact assessment 
LR  Logging residues  
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LRS  Non-merchantable stems  
LT  Long tops 
MEP  Marine eutrophication potential 
MJ  Megajoule 
MODt/yr   Million oven dry tonnes per year 
MWh  Megawatt hour 
N-eq.  Nitrogen-equivalents 
NMVOC  Non-methane volatile organic carbon compound 
ODt  Oven dry tonne 
Oil-eq.  Oil-equivalents 
P-eq.  Phosphorus-equivalents 
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PM15h  Productive machine hours including delays 
                         shorter than 15 minutes 
POFP  Photochemical oxidant formation potential 
RS  Rough-delimbed tree sections 
SC  Stump core  
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ST  Second thinning 
sub  Solid volume under bark 
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TWh                Terawatt hour 
UNFCCC  United Nations Framework Convention on    
                         Climate Change 
  
  
  
  
  
  
  
  
 
  
11 
 
1.1 Forestry in Sweden and the world, a brief overview   
The global forest area is around 4 billion hectares (ha), and covers about one-
third of the total land area. The most forested countries are Russia, Brazil, 
Canada, the United States and China, which together account for more than 
half of the total forest area (Swedish Forest Agency, 2014). Canada accounts 
for nearly 9% of the world’s forests, or 347 million ha (Ministry of Natural 
Resources Canada, 2017a). The forests of Europe amount to 215 million ha, 
with Northern Europe as the most forested region (Forest Europe, 2015). The 
total volume of the global growing stock has been estimated to be 527 billion 
m
3
 (Swedish Forest Agency, 2014). Canada’s growing stock volume reached 
47 billion m
3
 in 2016 (Ministry of Natural Resources Canada, 2017b), while 
the growing stock of European forests amounts to 35 billion m
3
 (Forest Europe, 
2015). The Swedish growing stock accounts for 9% of the European stock, or 
3.1 billion m
3
 (Swedish Forest Agency, 2017).  
Forests supply the world’s population with wood products, which are 
essential as both materials and an energy source. Energy from wood represents 
around 40% of the current global renewable energy supply, and plays an 
especially important role in low-income countries where wood fuel is the main 
wood product (FAO, 2016). In 2015, forests provided 3714 million m
3
 of 
roundwood (1866 million m
3
 wood fuel and 1848 m
3
 industrial roundwood), 
452 million m
3
 of sawnwood, 406 million tonnes of paper and paperboard, 399 
million m
3
 of wood-based panels, 176 million tonnes of pulpwood, and 28 
million tonnes of wood pellets (FAO, 2017a). Among the forest product-
exporting countries, Canada and Sweden were the leading exporters of 
sawnwood in 2015, together with Russia, Finland and Germany. The two 
countries were also the leading exporters of pulpwood, together with Brazil, 
1 Introduction 
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USA, Chile, Indonesia and Finland, as well as paper and paperboard, together 
with Germany, USA and Finland (FAO, 2017b). 
The annual roundwood harvest in Europe is about 430-450 million m
3
, and 
the standing volume still increases by about 400 million m
3
 per year (Moffat et 
al., 2015). Approximately 40% of the harvested volume consists of sawlogs, 
another 33% is industrial pulpwood, and the rest is wood fuel (Finnish 
Statistical Yearbook of Forestry, 2014). In Sweden, the amount of harvested 
roundwood has continuously increased since the early twentieth century, with a 
net felling volume of 70.1 million m
3
 reported in 2013 (Swedish Forest 
Agency, 2014), yet the forest stock has increased during the same time period 
due to active forest management. 
Today, two dominant mechanized harvesting methods, full-tree and cut-to-
length, are used worldwide (c.f. Drushka and Konttinen, 1997). In the full-tree 
harvesting method, trees are felled by feller-bunchers and skidded to the 
roadside. Delimbing and cross-cutting by a processor then often occurs at the 
roadside. Branches, tops and low-quality non-merchantable logs are usually 
piled at the roadside and then burned to reduce the risk of forest fire. In the cut-
to-length harvesting method, trees are felled, delimbed and processed by 
harvesters into sawlogs and pulpwood lengths at the stump site, leaving the 
tops and branches as residues. Roundwood is then forwarded to the roadside. If 
residues are recovered, they are transported to the roadside with specially-
equipped forwarders and usually chipped before transportation. If the stumps 
are recovered, they are harvested with excavators that have stump-lifting tools, 
and specifically equipped forwarders (Berg et al., 2014). Another harvesting 
method is the tree-length method, in which trees are felled, delimbed and 
topped (but not crosscut) directly at the stump site, and then skidded to the 
roadside (Uusitalo, 2010). The full-tree method dominates in the USA and 
Canada while the cut-to-length method is preferred among the Scandinavian 
countries. Swedish forestry has developed into an efficient supplier of 
stemwood to forest industries and its productivity has improved through 
mechanization and technical development. Generally, coarse, higher-quality 
logs are supplied to sawmills while small-diameter, low-quality logs are 
supplied to pulp mills. The logging residues (tops and branches) are recovered 
separately for the production of heat and power. 
1.2 The role of forests in a climate change context  
At the 2015 Paris Climate Conference (COP21), parties to the UNFCCC 
reached a historic agreement to combat climate change, which entered into 
force on November 2016. The Paris agreement’s central aim is “to strengthen 
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the global response to the threat of climate change by keeping a global 
temperature rise this century well below 2 degrees Celsius above pre-industrial 
levels and to pursue efforts to limit the temperature increase even further to 1.5 
degrees Celsius” (UNFCCC, 2017). As of April 2017, 143 of 197 Parties to the 
Convention have ratified the Agreement (UNFCCC, 2017). The European 
targets include reducing greenhouse gas (GHG) emissions by at least 40% by 
2030 (from 1990 levels), obtaining at least 27% of energy from renewable 
sources and delivering an improvement of at least 27% in energy efficiency 
(European Commission, 2015). The Swedish parliament accepted a renewable 
energy target of 50% for 2020. In 2013, renewables accounted for 52% of 
Sweden’s energy supply, and it has been estimated that this percentage will 
slightly increase by 2020 (Swedish Energy Agency, 2015). 
Forests do not only supply raw materials for industrial products and 
renewable energy, but are also vital to mitigating climate change. Trees absorb 
carbon dioxide (CO2) from the atmosphere during photosynthesis, converting 
solar energy, CO2 and water into carbohydrates while releasing oxygen. 
Therefore, a growing forest constitutes a carbon sink, as the carbon that is 
absorbed from CO2 is bound in both the above- and below-ground biomass. 
Thus, wood products store carbon, which is released back into the atmosphere 
in the form of CO2 when the biomass decomposes or is incinerated. Woody 
biomass from sustainably managed forests can be substituted for more energy-
intensive materials and/or non-renewable fossil fuel-based energy carriers to 
reduce carbon emissions into the atmosphere. 
Forest biomass is currently one of the most important energy sources in 
Sweden. In 2014, biomass provided 130 TWh of energy (Swedish Energy 
Agency, 2016). Per fuel category, undensified wood fuel, black liquor and 
densified wood fuel represented 40%, 33%, and 6% of the total biomass used 
for energy, respectively (Swedish Energy Agency, 2016). Most of the by-
products from the Swedish paper, pulp, and timber industries are currently used 
to generate energy, but additional forest biomass will be needed to satisfy the 
demands of the bioenergy market, (Eriksson and Gustavsson, 2008; Forsell et 
al., 2013), future biorefineries, and EU targets for 2020 and 2030. 
1.3 The need for highly efficient supply chains 
“The supply chain encompasses all activities associated with the flow and 
transformation of goods from raw materials stage (extraction), through to the 
end user, as well as the associated information flows” (Handfield and Nichols, 
1999). In the scope of this thesis, forest supply chains comprise the operations 
needed to extract forest biomass from the forest and deliver it to the industry. 
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Conventional supply chains refer to the separated harvesting and transportation 
of stemwood and residual forest biomass, while integrated supply chains refer 
to the integrated harvesting of stemwood and residual forest biomass.  
The intensity of forest harvesting is expected to increase in order to meet 
demands for traditional products and bioenergy (Egnell et al., 2011). 
Furthermore, Gullberg and Johansson (2006) note that if demand increases, 
then residual forest biomass will have to be harvested from less favorable sites. 
Thus, the efficiency of forest biomass supply chains must be improved (Berg, 
2003; Ghaffariyan et al., 2017; Routa et al., 2013; Thorsén et al., 2010).  
Earlier research has identified harvesting methods and forestry machinery 
that can increase productivity while reducing costs (Ghaffariyan et al., 2017). 
Jylhä (2004) presented a prototype of a bundler-harvester that can be used to 
extract pulpwood and residual forest biomass during the first thinning of Scots 
pine stands. During trials in Finland, the machine demonstrated higher 
productivity in dense stands with small-diameter trees than in conventional 
thinning sites, as the pulpwood and residual forest biomass are harvested 
simultaneously. An updated version of the machine was tested by Nuutinen et 
al. (2011) and demonstrated productivity increases that ranged from 38–77% 
depending on stand density and mean tree volume. This improvement in 
productivity can be explained by an increase in multi-tree cutting and a 
mechanism that employs the grapple feeding of bunches.  
Junginger et al. (2005) suggested that the use of bundling technology in 
certain assortments, such as long tops, could reduce the costs of wood fuel. 
Moreover, Sängstuvall et al. (2011) showed that applying multi-tree-handling 
in boom corridors could increase harvester productivity during the thinning of 
dense, young stands. Similarly, Nordfjell and Bergström (2010) found corridor 
thinning to be 10–15% more productive than the conventional thinning method 
(selective thinning between striproads spaced at ca. 20 m) for such stands. This 
concept was extended by Bergström and Di Fulvio (2014), who showed that 
the addition of boom corridor thinning, optimized bundle-harvesters, and load-
compression devices to current systems could reduce both costs and energy 
consumption. Eriksson and Gustavsson (2008) highlighted that multi-tree 
handling is key to reducing costs during the thinning of small trees. Di Fulvio 
and Bergström (2011) showed that rough-delimbing and load compression 
leads to reductions in harvesting cost and increases in bulk density. Asikainen 
(2004) also reported that the compression of logging residues and rough-
delimbing of stems increases productivity and reduces costs. Another 
innovative technique includes methods for harvesting stump cores 
(Athanassiadis et al., 2009; Berg, 2014). 
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However, despite the expected increase in forest biomass demand and 
development of technologies that noticeably increase harvesting productivity, 
conventional harvesting continues to be the most commonly applied method in 
Swedish forestry. Certain adjustments, which facilitate the collection of 
residual forest biomass, have been made in the harvesting operations to 
improve productivity and fuel quality throughout the supply chain (Skogforsk, 
2010). However, the basic principles of harvesting operations have remained 
the same over the past 20 years, with the harvesting of residual forest biomass 
still a secondary operation in conventional harvesting processes (Björheden, 
2006). Therefore, the supply of primary wood fuels depends on the intensity of 
conventional final felling operations.  An alternative to the present approach 
would be to use integrated supply systems in which the residual forest biomass 
supply chain is integrated with the stemwood supply chain. Such systems were 
scrutinized during the late 1970s in Sweden, when the global oil crisis 
motivated the utilization of domestic forest biomass to secure a supply of 
energy (Whole Tree Utilization 1975–1980). However, the crisis was 
temporary and even though the single-grip harvester, along with the cut-to-
length harvesting method, was introduced in the early 1980s, the extraction of 
undelimbed wood (tree parts/sections) declined and finally fell out of use by 
the late 1980s (Nordfjell et al. 2010). The current increase in the demand for 
forest biomass has resulted in new developments in integrated forest harvesting 
systems in Sweden and other countries (c.f. Berg et al., 2014; Harril and Han, 
2012; Kärhä et al., 2011).  
Mobile production systems, which are located close to the raw material, are 
another promising alternative for increasing the efficiency of residual forest 
biomass supply chains, especially in regions that are characterized by long 
transportation distances to industry. Residual forest biomass, such as the 
logging residues from final fellings in Northern Sweden, show great potential 
for use in several biorefining processes (Bergström and Matisons, 2015). 
However, due to the bulky nature of biomass, densification may be required 
before transportation over long distances (Paulrud, 2004). The development of 
mobile systems for the decentralized pelletizing of forest-based residual 
biomass is currently underway (Mobile Flip, 2017). The investigation of how a 
production system should be designed and managed for high energy efficiency, 
low environmental impacts and reduced costs underlies the system’s success. 
Thus, decentralized production systems need to be developed to: 1) value the 
pre-processing of biomaterials close to the raw material source before they are 
transported to industry and/or 2) produce the final product at/close to the raw 
material source. High production efficiency, low consumption of energy and 
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materials, and low environmental impact are all essential to ensuring the 
overall sustainability of such systems.  
Forest supply chains usually require fossil fuels for the production, 
extraction, transport and conversion of biomass to either bioenergy or other 
final products (e.g. forestry machinery and trucks usually run on fossil diesel). 
The more fossil fuel input a forest supply chain requires, the less energetically 
desirable it is and the less climate benefits it provides. Therefore, depending on 
the biomass procurement and processing requirements, some supply chains 
will perform better than others from an environmental perspective. Cherubini 
et al. (2009) presented the GHG emissions per unit of output of various 
bioenergy production chains.  Vehicles running on bioethanol from 
lignocellulose, although still under development, showed lower emissions/km 
than bioethanol from agricultural crops and much lower emissions/km than 
vehicles that used fossil fuels.  Regarding electricity and cogeneration, woody 
biomass showed lower emissions per MJ than fossil fuels, but higher emissions 
when compared to wind, geothermal or hydro. In terms of heat production, 
woody biomass showed the lowest emissions per MJ after geothermal.  
Although the use of forest feedstocks to produce energy or materials can 
reduce GHG emissions when compared with fossil fuels or other materials, 
such as concrete, it is important to identify which forest assortments, processes, 
and supply chains minimize emissions to air, water and soil in order to 
maximize the environmental benefits of using forest biomass as a material and 
energy. 
1.4 System analysis and life cycle assessment 
System analysis can be seen as a bridge between decision makers and the 
research community (Quade and Miser, 1980). It is a problem-solving activity 
that decomposes a system into its parts, and then analyzes each part and its 
interactions. System analysis strives to help decision makers solve problems 
and make informed decisions by considering various alternatives in terms of, 
among others, costs, benefits, and environmental impacts. In system analysis, 
scientific knowledge serves as the base upon which a strong foundation for 
analysis and its results is built (Quade and Miser 1980). According to Quade 
and Miser (1980), a complete system analysis should include the following 
aspects: a critical examination of the aim of the policy or decision that is being 
considered; an exploration of alternatives that can achieve that aim; an 
evaluation of the impacts of different alternatives; a comparison of the 
alternatives; and a presentation of the results to decision makers in a way that 
will facilitate an informed choice. 
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Life Cycle Assessment (LCA) is a tool used in system analysis that 
compiles and evaluates resource consumption and waste generation to estimate 
the potential environmental impacts of the investigated production system. 
This methodology helps assess the environmental profile of a product or 
service throughout its life cycle (ISO 14040, 2006). LCA has been regulated in 
the ISO 14040 and 14044 standards (ISO 14040, 2006; ISO 14044, 2006), 
which describe the principles, framework, requirements and guidelines for 
LCA. Each LCA study has four phases: definition of goal and scope; inventory 
analysis; impact assessment; and the interpretation phase (Fig. 1). The goal and 
scope depend on the intended application of the study.  However, the product 
system to be studied, as well as the functional unit and system boundaries, 
must be clearly defined in every case. The functional unit is a key element of 
the analysis since it is the reference flow regarding which inputs (e.g. materials 
and energy) and outputs (e.g. emissions to air, water and soil) will be reported 
as well as the final environmental results (ISO 14040, 2006). The functional 
unit must be clearly defined to enable comparative analyses of different 
systems. Oven dry tonne (ODt) has been used as the functional unit in various 
LCA studies of woody systems and hence allows comparisons of different 
forest supply chains (Whittaker et al., 2010; Whittaker et al., 2011; Johnson et 
al., 2012). This functional unit was also used in the research underlying this 
thesis. The system boundaries define the processes that will be included in an 
LCA study. These processes are linked to one another by flows of intermediate 
products and/or waste. A product system is broken down into its processes to 
help analyze the inputs and outputs of the whole system. The quality of an 
LCA study depends on the collected life cycle inventory (LCI) data. This phase 
of the LCA involves the compilation and quantification of all inputs and 
outputs of the product or service system. It includes energy, raw material and 
ancillary inputs, products, co-products and waste, as well as emissions to air, 
water and soil. These data then need to be related to each unit process and to 
the functional unit. The impact assessment phase evaluates the potential 
environmental impacts by defining the environmental impact categories 
according to the goals and scope of the study, along with the LCI results. 
Finally, the interpretation phase presents the results and conclusions in an 
understandable way, and also clarifies the limitations of the study. 
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Figure 1. Phases of Life Cycle Assessment (ISO 14044, 2006). 
LCA has been widely used to determine the environmental impacts, such as 
global warming potential (GWP), of bioenergy systems, wood supply chains 
and woody products (Berg, 1997; Forsberg, 2000; Ghafghazi et al., 2011; 
González-García et al., 2014; Jungmeier et al., 2003; Lindholm et al., 2010; 
Lindholm et al., 2011; Murphy et al., 2014; Sikkema et al., 2013; Thakur et al., 
2014; Valente et al., 2012; Adams et al., 2015; Fantochi and Buratti, 2010; 
Hagber et al., 2009; Katers et al., 2012; Laschi et al., 2016; Pa et al., 2011; 
Porsö and Hansson, 2014; Sikkema et al., 2010). LCA is also used to calculate 
the GHG emissions arising from biofuels under the EU Renewable Energy 
Directive (EC, 2009). In addition to evaluating GWP, LCA can be used to 
analyze how a certain system affects acidification, eutrophication, 
photochemical oxidant formation or fossil fuel depletion. Moreover, this tool 
can help improve environmental and operational aspects of forest operations by 
analyzing and comparing different forest machine configurations, identifying 
key processes (“hotspots”), and contributing to machine development. Forest 
managers can then make better system choices by evaluating both the 
productivity and potential environmental impacts of alternative systems. 
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1.5 Aim of the thesis and specific objectives 
The overarching aim of this thesis is to assess the cost and environmental 
impacts of conventional and integrated forest supply chains in Northern 
Sweden to provide knowledge that could be useful in the development of 
highly efficient supply chains. This thesis draws upon four studies, which had 
the following specific objectives:   
 
 To assess the costs and energy use associated with supply chains that 
integrate the harvest of residual forest biomass into the stemwood supply 
chain in three industrial locations suitable for biorefineries in Northern 
Sweden (study I). 
 To compare integrated and conventional supply chains at three industrial 
locations in Northern Sweden in terms of fuel consumption and GHG 
emissions (study II). 
 To identify which forest assortments, processes, and supply chains result in 
the least GHG emissions (study II). 
 To investigate and compare the environmental impacts (global warming, 
terrestrial acidification, marine and fresh water eutrophication, 
photochemical oxidant formation and fossil fuel depletion) related to the 
production of different forest assortments (sawlogs and residual forest 
biomass) from Swedish and Canadian forest supply chains, and to identify 
the “hotspots” in the supply chains (study III). 
 To quantify and compare environmental impacts (global warming, 
terrestrial acidification, marine and fresh water eutrophication, 
photochemical oxidant formation and fossil fuel depletion) of a small-scale 
decentralized mobile production system in Northern Sweden for pelletizing 
logging residues under two different operating scenarios: landing-based and 
terminal-based (study IV).  
 To provide information on how different processes contributed to total 
emissions, to identify the key processes within the production system, and 
to investigate how on-site raw material concentration, transportation 
distance, pelletizer production capacity, and the use of electricity at the 
terminal affect the environmental performance of the system (study IV). 
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The integrated supply chains were compared to conventional supply chains in 
terms of cost, energy use, GHG emissions and other relevant environmental 
impacts (terrestrial acidification, marine and fresh water eutrophication, 
photochemical oxidant formation and fossil fuel depletion). The assessment 
included the modelling of sawlog and residual forest biomass supply chains in 
Northern Sweden, a case study in Western Canada, and the modelling of a 
mobile production system for pelletizing logging residues. An LCA approach 
was used in the analyses. 
 
2.1 Systems description 
2.1.1 Locations 
Three sites in Northern Sweden were selected for studies I and II (Fig. 2). Two 
of these sites, Umeå and Örnsköldsvik, were located on the coast. Both 
locations have existing biomass-fired combined heat and power plants, as well 
as large pulp mills and potential locations for new types of biorefineries. The 
third location, Storuman, is located inland, and is a potential location for either 
a biorefinery or an industrial-scale hub for feedstock handling and upgrading 
before further transportation to industries. A circular supply area with a radius 
of 120 km was set for each site. In study III, Örnsköldsvik was chosen as the 
Swedish case study area and the Quesnel timber supply area, which lies in the 
interior of British Columbia in Western Canada, was chosen as the Canadian 
case study area (Fig. 2). In the study IV, the forest supply area was also located 
in Örnsköldsvik. 
 
 
2 Materials and methods 
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Figure 2. Locations of the studies. a) Örnsköldsvik, Storuman, Umeå - Sweden; b) Quesnel - 
Canada. 
2.1.2 Forestry regimes and forest assortments 
The conventional Swedish forest supply chains in studies I, II and III included 
a forestry regime in which the forest cycle was assumed to comprise pre-
commercial thinning (PCT), first thinning (FT), second thinning (ST) and final 
felling (FF). The main assortments extracted from the forest in the 
conventional supply chains were sawlogs and pulpwood. Logging residues and 
stumps were also extracted.  
The Swedish integrated supply chains included the same forestry regime, as 
well as an alternative regime with energy thinning (ET) instead of PCT. During 
ET, unprocessed tree sections from whole small trees are extracted, whereas 
the cut trees are left on site during PCT. The whole small trees can be extracted  
loose or in bundles (BWT). The integrated supply chains extracted the 
following assortments from the forest: roughly delimbed tree sections (RS), 
 
Umeå
Örnsköldsvik
Stockholm
www.nationsonline.org
100 km
 www.freeusandworldmaps.com 
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long tops, sawlogs with a stump core (c.f.  Berg et al., 2014), and whole small 
trees, or BWT. The length of a forest cycle was fixed at 95 years for both 
forestry regimes.  
Study III included a Canadian case study in addition to the Swedish case 
study. The only forestry treatment included in the Canadian supply chains was 
FF, at year 100. No thinnings took place during the forest cycle; therefore, the 
Canadian scenarios produced less assortments than the Swedish ones. The 
conventional Canadian supply chains extracted sawlogs and pulpwood from 
the forests without any recovery of residual forest biomass. The Canadian 
biomass dedicated supply chains were similar to the conventional Canadian 
supply chains with the exception that the biomass dedicated supply chains 
included the recovery of logging residues and non-merchantable stems (LRS). 
Study IV only considered logging residues from final felling in Northern 
Sweden as feedstock for pellet production. 
2.1.3 Forest supply chains 
Cut-to-length harvesting was applied in all of the Swedish supply chain cases, 
while full-tree harvesting was the harvesting method used in the Canadian 
supply chains. 
Study I 
Three different groups of supply chains were compared in terms of cost and 
energy consumption: A (conventional supply chains); and B and C (integrated 
supply chains). In the conventional supply chains (A), stemwood and residual 
assortments were harvested separately, but these assortments were harvested 
together in the integrated supply chains (B and C). The integrated supply 
chains in group B included PCT while the integrated supply chains in group C 
included ET.  
In the conventional supply chains, PCT was carried out manually with a 
cleaning saw once the stand was 10 years old, and the felled trees remained in 
the stand. FT was carried out in year 45 using a small harvester followed by a 
small forwarder. ST, in year 70, followed the same process but utilized a 
medium harvester and forwarder. FF was carried out in year 95 with a large 
harvester and forwarder. Pulpwood was extracted during FT, ST and FF. 
Sawlogs were extracted during ST and FF. Pulpwood and sawlogs were piled 
at the roadside and then transported by timber truck. Logging residues were 
collected after the FF harvest by a large forwarder, after which they were 
chipped by a truck-mounted drum chipper at the roadside and then transported 
by a wood chip truck. Stumps were removed using an excavator-based stump 
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harvester and large forwarder. Two options were available for the stumps at the 
roadside: Stumps were either loaded into a shredder by a grapple loader, pre-
crushed at the roadside, and then transported by wood chip truck; or the stumps 
were transported to terminal without pre-crushing.  
In the integrated supply chains, residual forest biomass was recovered 
during all four forestry treatments that occurred within the forest cycle. During 
ET, which occurred in year 25, whole small trees were felled and bundled by a 
bundle harvester, after which these bundles were forwarded to the roadside 
using a small forwarder and then transported by timber truck. FT was carried 
out in year 50 by a small harvester with an accumulating felling head for rough 
delimbing, and a small forwarder. Trees were felled and only 50% of the 
branches were removed. The assortment resulting from this treatment was RS, 
which were transported by a logging residues truck. ST was carried out in year 
75 using a medium harvester and forwarder. Sawlogs and long tops were 
extracted to the roadside, where a timber truck and a logging residues truck 
transported the sawlogs and long tops, respectively. FF was carried out in year 
95 by a feller puller, which cut the tree and the core of the stump in a single 
piece. Following this, a harvester processed the logs by separating the sawlogs 
with stump cores from the long tops and a large forwarder brought the 
assortments to the roadside. A timber truck transported the sawlogs with stump 
cores while a logging residues truck transported the long tops.  
Study II  
The conventional and integrated supply chains (from groups A and C, 
respectively) from study I were selected for further analysis of their fuel 
consumption and GHG emissions. Integrated supply chains from group C were 
selected instead of those from group B since they showed lower cost/ODt. The 
study included BWT rather than loose whole small trees because study I had 
shown that the extraction, transportation and processing of BWT during ET 
cost less, and uses less energy, than that of loose whole trees. The conventional 
supply chains included pre-crushing stumps to a coarse fraction at the roadside. 
Study III  
The Swedish conventional and integrated supply chains (from groups A and C, 
respectively) were compared to Canadian conventional (without recovery of 
residual forest biomass) and biomass dedicated (with recovery of residual 
forest biomass) supply chains. Full-tree harvesting was applied to the Canadian 
supply chains. In the conventional Canadian supply chains, trees were felled in 
year 100 by a feller-buncher and transported to the roadside by a grapple 
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skidder. A processor was then used to delimb and top the trees, as well as to 
pile up the processed logs at the roadside. Branches, tops and low quality non-
merchantable logs (not suitable for either timber or pulp production) were piled 
by a grapple loader and then burned at the harvesting site using a drip torch. 
Sawlogs and pulpwood were transported by timber trucks to industry. 
Pulpwood was chipped at the industry site by a disc chipper similar to those 
used at terminals in the Swedish case. In the Canadian biomass dedicated 
supply chains, in addition to sawlogs and pulpwood extraction, branches, tops 
and low quality non-merchantable logs were chipped by a horizontal grinder at 
the roadside and then directly loaded into a wood chip truck. 
Study IV  
This study concentrated on a further step of the supply chain: the production of 
pellets from logging residues. Two scenarios were analyzed: a production 
system located at either the forest site (landing-based scenario); or the forest 
terminal (terminal-based scenario). The production system was divided into 
five stages: chipping; fractioning; drying; pelleting; and transportation. The 
operations of the landing-based scenario were carried out as follows: 
 Chipping of logging residues was carried out at the landing using a truck-
mounted drum chipper. The wood chips were directly loaded from the 
chipper to the fractioning machine.  
 The fractioning process separated fines from sieved wood chips. A wind-
sifter was used to separate contaminants, such as stones and gravel. The 
chipper, fractioning machine, and wind-sifter worked as one unit. After 
fractioning, a front wheeled loader piled the fines and sieved wood chips in 
two different piles. 
 The sieved wood chips were dried using two dryer containers with a hot air 
generator. The same front wheeled loader mentioned above was used to 
load the drying containers and the boiler. Fine fractions obtained after 
fractioning were used as fuel for the boiler. Dry wood chips were screw 
conveyed to the hammer mill. 
 The pelleting stage began with the hammer milling of the dry wood chips. 
The produced wood powder was then screw conveyed to the pelletizer. 
Produced pellets were belt conveyed to the cooling tower and a vibrating 
tray, after which they were loaded into truck containers.  
 Container trucks and trailers were used to transport pellets from the landing 
to the terminal. The truck delivered two empty containers when arriving for 
reloading. The relocation of machinery from one harvesting site to the next 
harvesting site was performed with trucks, with the exception of the front 
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wheeled loader, which was able to relocate itself. A passenger car was used 
for the relocation of workers.  
 
The terminal-based scenario included the same stages described above, with 
the following exceptions: 
 Wood chips were directly loaded into truck containers and transported by 
container trucks and trailers to the forest terminal where they were unloaded 
and piled by a front wheeled loader. The truck delivered three empty 
containers when arriving for reloading.  
 The fractioning machine worked independently of the chipper. A front 
wheeled loader loaded the chips onto the fractioning machine.  
 Only chipper and chipper worker relocations were needed.   
2.1.4 Available feedstocks 
The harvesting of forest biomass at the three Swedish locations was modelled 
based on data from the Swedish National Forest Inventory (SNFI). The SNFI 
data were used in SFA (2008) to make long-run forecasts regarding growth, 
potential harvestable areas and harvesting volumes over years 2010-2019. Each 
SNFI plot was used as a silvicultural decision unit and contained information 
regarding geographical coordinates (X, Y), management (FT, ST or FF), and 
soil characteristics.The annual average amount of feedstock available from 
harvesting operations was also calculated for each plot. There were 268, 279, 
and 150 inventory plots within the 120 km radius area for the Umeå, 
Örnsköldsvik  and Storuman sites, respectively. Of these plots, 30 for Umeå, 
29 for Örnsköldsvik and 11 for Storuman were excluded because of 
environmental protection reasons. A separate dataset from the SNFI contained 
information regarding PCT and early ET stands, and as a result 32, 42, and 30 
plots were added to the Umeå, Örnsköldsvik and Storuman sites, respectively. 
The available biomass was calculated using the biomass functions presented 
by Petersson (1999) and Petersson and Ståhl (2006) to estimate the amounts 
(ODt/ha) of roundwood, bark, branches, needles, tops and stumpwood 
(including root system) from SNFI data. Stumps from broadleaves were 
excluded (i.e. it was assumed that they are left on site). The top diameter for 
sawlogs and pulpwood was fixed at 12 and 5 cm under the bark, respectively. 
The mass of logging residues resulting from FF in conventional supply chains 
A was calculated as the sum of the mass of branches and tops. The RS mass 
was calculated as the sum of the pulpwood, tops, and the respective portion of 
branch mass. The mass of long tops resulting from ST was calculated as the 
sum of pulpwood mass and tops, with the addition of branches. The long top 
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mass resulting from FF was calculated as the sum of pulpwood and tops. The 
annual potential for harvesting whole small trees from ET stands was 
calculated in plots with an average height between 5.5 m and 8 m and in which 
biomass removal exceeded 25 ODt/ha. The whole small tree and BWT mass 
was obtained as the sum of the mass of pulpwood, tops, bark and total 
branches. Plots with an average height between 2.0 m and 5.5 m and in which 
biomass removal exceeded 10 ODt/ha were classified as PCT stands. The total 
stump mass was given in the inventory plots. The stump core mass was 
calculated by multiplying the total stemwood mass (sawlog, pulpwood, top and 
bark) by 0.085, according to Berg et al. (2014).  
Study III used the Örnsköldsvik supply area as the Swedish case. This 
translates to a yearly harvesting area of 31,785 ha. This area included 3474 
harvesting sites that would undergo FT, ST and FF, as well as 989 harvesting 
sites that would receive either PCT or ET treatment. The main species in the 
supply area were Norway spruce (53%), Scots pine (37%) and birch (10%). 
The Canadian case encompassed a yearly harvesting area of 12,580 ha 
(FPInnovations, 2015a; FPInnovations, 2015b). It included an average of 254 
harvesting sites that would undergo FF. The annual potential available biomass 
volumes for the Quesnel supply area were calculated from projections based on 
20-year harvesting block data (FP Innovations, 2015a; FPInnovations, 2015b). 
The main species in the studied area were Lodgepole pine (57%), spruce (32%) 
and Douglas fir (7%) (FP Innovations, 2015a; FPInnovations, 2015b). 
Study IV included only the logging residues from final fellings in 
Örnsköldsvik as feedstock for pellet production. The average size of a 
harvesting site in the supply area was 7.5 ha, and the annual production of 
logging residues from final felling was 34 ODt per ha. 
2.1.5 Functional unit and system boundaries 
The functional unit in studies I, II and III was one ODt of forest biomass 
delivered to industry, while the functional unit in study IV was one ODt of 
pellets stored at the forest terminal. 
Studies I and II considered all the processes from harvesting to the delivery 
biomass to forest industries. In study II, diesel fuel consumption was the main 
input parameter used to calculate the GHG emissions of different forest supply 
chains (Figure 3). Processes that were similar in all supply chains, such as 
cultivation of forest seedlings, soil scarification, tree planting, construction and 
maintenance of forest roads, production of machinery, as well as production 
and transportation of diesel, were excluded from the study. Furthermore, 
changes in emissions resulting from changes in soil carbon stocks and the 
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assimilation of CO2 by trees were also excluded. The amount of CO2 that is 
assimilated during forest biomass growth was considered to be equal to the 
amount of CO2 that is released following the oxidation of wood at the end of a 
tree’s life cycle (Dias and Arroja 2012; González-García et al., 2014). 
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Figure 3. System boundaries of, as well as the operations and assortments included in, the 
conventional (a) and integrated (b) supply chains examined in study II. Key to supply chains: (i) 
PL FT, pulpwood from first thinnings; (ii) PL ST, pulpwood from second thinnings; (iii) SL ST, 
sawlogs from second thinnings; (iv) PL FF, pulpwood from final fellings; (v) SL FF, sawlogs 
from final fellings; (vi) SP, stumps from final fellings; (vii) LR, logging residues from final 
fellings; (viii) BWT, bundled whole small trees from energy thinnings; (ix) RS, rough-delimbed 
tree sections from first thinnings; (x) SL ST, sawlogs from second thinnings;  (xi) LT ST, long 
tops from second thinnings; (xii) SL FF, sawlogs from final fellings; (xiii) SC, stump cores from 
final fellings; (xiv) LT FF, long tops from final fellings. 
Study III utilized a cradle-to-gate perspective, i.e. from seedling production 
up to the delivery of forest assortments to the corresponding forest industries, 
to compare forest supply chains. The operations were classified into four 
stages: preparation; forestry treatments and logging operations; secondary 
haulage; and terminal or industry operations. Seedling production was also 
included in all of the supply chains. The production and maintenance of 
machinery used in forest operations (harvesters, feller-bunchers, forwarders, 
skidders, excavators, processors, loaders, shredders and grinders) and terminals 
(loaders, chippers, grinders and saw blades), as well as the production and 
maintenance of trucks used in the transportation of the forest assortments 
(timber trucks, wood chip trucks, and logging residue trucks) were included 
within the system boundaries (Figures 4 and 5). The production of other inputs, 
such as fossil fuels (diesel and gasoline), lubricants and electricity, was also 
included within the system boundaries. The transportation of workers and 
machinery to and from the harvesting sites was excluded from the system 
boundaries since their expected contributions to the global environmental 
profiles were considered to be negligible (Berg and Karjalainen, 2003). 
Emissions resulting from changes in soil carbon stocks and the assimilation of 
CO2 by trees were also excluded from the system boundaries. Activities related 
to the construction and maintenance of roads were also excluded from the 
analysis since, according to Dias and Arroja (2012), these activities have a 
negligible impact on the global environmental profile. 
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Figure 4. System boundaries of, as well as the operations and assortments included in, the 
Swedish conventional (a) and integrated (b) supply chains investigated in study III. Key to supply 
chains: (i) PL FT, pulpwood from first thinnings; (ii) PL ST, pulpwood from second thinnings; 
(iii) SL ST, sawlogs from second thinnings; (iv) PL FF, pulpwood from final fellings; (v) SL FF, 
sawlogs from final fellings; (vi) SP, stumps from final fellings; (vii) LR, logging residues from 
final fellings; (viii) BWT, bundled whole small trees from energy thinnings; (ix) RS, rough-
delimbed tree sections from first thinnings; (x) SL ST, sawlogs from second thinnings;  (xi) LT 
ST, long tops from second thinnings; (xii) SL FF, sawlogs from final fellings; (xiii) SC, stump 
cores from final fellings; (xiv) LT FF, long tops from final fellings. 
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Figure 5. System boundaries of, and the operations and assortments included in, the Canadian 
conventional (a) and biomass dedicated (b) supply chains investigated in study III. Key to supply 
chains: (xv) PL FF, pulpwood from final felling; (xvi) and (xvii) SL FF, sawlogs from final 
fellings; (xviii) Chipped PL, chipped pulpwood from final felling; (xix) Chipped LR, chipped 
logging residues; (xx) Chipped LRS , chipped non-merchantable logs. 
In study IV, the pellet production system started with the roadside chipping 
of logging residues and ended with the storage of pellets at the terminal. The 
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system included the following stages: chipping; fractioning; drying; pelleting; 
and transportation (Figure 6). The production and maintenance of machinery, 
as well as the production and maintenance of the trucks used for the 
transportation of wood chips, pellets, equipment and workers, were included 
within the system boundaries of each scenario. The production of other inputs, 
such as diesel fuel and lubricants, was also included within the system 
boundaries. 
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Figure 6. System boundaries of the landing-based (a) and terminal-based (b) scenarios examined 
in study IV. 
2.2 Cost and fuel consumption functions   
In study I, the cost functions of conventional and integrated supply chains 
included costs associated with harvesting, forwarding, landing operations, 
transportation by truck, terminals, land owner compensation, and overhead. 
The compensation per biomass unit (ODt) to landowners (i.e. the stumpage 
price for the stand) during FT, ST or FF was based on local prices (Norra 
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skogsägarna pers. comm., October 2013). The land owner was assumed to 
receive compensation for the removal of logging residues, but not for stump 
removal, as is the current status quo. The compensation land owners received 
for pulpwood from thinnings was lower than that for pulpwood from FF due to 
the limited profitability of thinning operations. The time that each machine and 
operation consumed was expressed as PM15h/ODt (PM15h=productive machine 
hours including delays shorter than 15 minutes). The time consumption was 
calculated using functions from the literature (Berg et al.,2014; Brunberg, 
1997; Brunberg, 2004; Brunberg, 2007; Danielsson and Liss, 2010; Laitila et 
al., 2007; Laitila et al., 2008; Laitila et al., 2009; Laitila and Väätäinen, 2012; 
Larsson, 2011; Ligné et al., 2005; Lindberg, 2008; Liss and Johansson, 2006; 
Nurmi, 2007; Nurminen and Heinonen, 2007; Sängstuvall et al., 2011; Von 
Hofsten and Granlund, 2010). A storage period of one month in the terminal 
before re-loading and transportation to the end user was assumed for all 
assortments.  
The total energy needed to extract and transport the different assortments 
from the forest to industry was calculated in study I by separately modeling all 
of the processes involved and then taking the sum of these models. The 
following equation describes the total energy consumption as a function of 
machinery time consumption (PM15h/ODt), machinery fuel and lubricant 
consumption (l/PM15h or l/km for trucks), and the dry matter losses: 
E =  Tw + Tm + Lm + Ha + Hafp + Fo + Ex + Cc + Ls + Ch + Tr + To (1.) 
Where:  
 E: total fuel consumption within the system boundaries (l/ODt) 
 Tw: Fuel consumption due to the transportation of workers to and from the 
harvesting site (l/ODt), obtained from: 
Tw =  (Dw × pfc × Wd × Nhs)/m  (2.) 
where Dw is the daily average distance for transporting workers to and 
from the harvesting site (km), pfc is the fuel consumption of a pick-up truck 
(l/km), Wd is the number of working days needed for harvesting (rounded 
up to the closest integer), Nhs is the number of annual harvesting sites, and 
m is the annual forest assortment mass, taking into account total material 
losses (ODt). 
 Tm: Fuel consumption due to the transportation of machinery to and from 
the harvesting site (l/ODt ), obtained from: 
Tm =  (Dm × tfc × Nhs)/m  (3.) 
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where Dm is the average distance between harvesting sites (km) and tfc is 
the fuel consumption of a truck transporting forest machinery (l/km). Nhs 
and m are the same as in Equation 2. 
 Lm: Fuel consumption due to the loading and unloading of transported 
machine (l/ODt ), obtained from: 
Lm =  (2 × t × mfc × Nhs)/m       (4.) 
where t is the time required to load/unload the machine from the truck (h) 
and mfc is the transported machine fuel consumption (l/h). Nhs and m are 
the same as in Equation 2 
 The fuel consumption (l/ODt) for harvesting and processing with a 
harvester (Ha), harvesting with a feller-puller (Hafp), forwarding (Fo), 
stump harvesting (Ex), coarse crushing (Cc), loading stumps into a shredder 
(Ls), and chipping (Ch) was obtained by multiplying the operational time 
consumption (PM15h/ODt) by the respective hourly fuel consumption (l/ 
PM15h). For example, the equation for the fuel consumption by a harvester 
is: 
Ha =  hp × hfc  (5.) 
where Ha is the fuel consumption of harvesting and processing a certain 
assortment with a harvester (l/ODt), hp is the time it takes the harvester to 
harvest and process the assortment (PM15h/ODt), and hfc is the harvester’s 
hourly fuel consumption (l/PM15h). 
 Tr: fuel consumption of transporting each assortment from forest roadside 
to terminal (l/ODt ), obtained from: 
Tr =  [(2 × Trdist × tfc + ltfc × Tt) × n × Nhs]/m   (6.) 
where Trdist is the transportation distance from the harvesting site to the 
terminal (km), tfc is the fuel consumption of a truck while driving (l/km), 
ltfc is the fuel consumption of loading and unloading a truck (l), Tt is the 
time the truck spends at the terminal (h/loading, unloading and 
complementary activities), and n is the number of trucks needed to transport 
the assortments from the harvesting site. Nhs and m are the same as in 
Equation 2. 
 
 To: fuel consumption for terminal operations, which include: 
Chipping pulpwood, BWT, RS, and long tops; pre-crushing and crushing 
stump cores; crushing stumps; loading materials onto trucks; and 
transportation from terminal to industry. 
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The fuel and lubricant consumption was obtained from the literature (Berg 
and Lindholm, 2005; Brunberg, 2006; Eliasson and Granlund, 2010; Eliasson 
et al., 2012; Jylhä, 2011; Karlsson, 2010; Kons and Läspä, 2013; Nurminen et 
al., 2009; Skogforsk, 2010; Von Hofsten, 2011; Von Hofsten and Grandlund, 
2010;), along with personal communication with “DIMEC srl”, “Domsjo Fiber 
AB” and “OP System AB” in Sweden. 
In study I, the energy consumption of each supply chain was expressed as a 
percentage of the energy content of the delivered material, which was 
calculated on a lower heating value basis. 
2.3 Data inventory 
Time consumption functions and figures from the literature were used to 
calculate the time consumption of machinery, the hourly cost, fuel and 
lubricant consumption of machinery and trucks, as well as road transportation 
cost in the Swedish supply chains. Purchase prices for forest machines were 
obtained from machine dealers in Sweden, while the truck and trailer unit 
purchase prices were based on information from contractor companies. In 
study III, the primary data regarding the time and fuel consumption of the 
grapple loader, feller-buncher, skidder and trucks in the Canadian supply 
chains were retrieved from FPInterface, which had been applied to the Quesnel 
supply area. FPInterface is a software tool that was designed by FPInnovations 
to simulate the processes in forest supply chains (FPInnovations, 2015c). 
Secondary data from the ecoinvent 3.01. 2014 database ® (Dones et al., 2007; 
Nemecek and Käggi, 2007) were applied to processes associated with 
machinery, fossil fuel, electricity and seedling production. The ecoinvent 
processes considered in the study were modified to reflect the specific 
characteristics of the activities involved (fossil fuel consumption, weight and 
lifespan of the machinery and trucks used, and seedlings required per scenario). 
In study IV, the data concerning the foreground system (processes related 
specifically to the pellet production) were collected from the following 
sources: the time and fuel consumption of the loader, chipper and trucks were 
taken directly from study I, whereas the time and fuel consumption of the 
fractioning machine, as well as wind-sifter data, were provided by Norditek 
AB (personal communication with Eric Johansson, Norditek, Sävar, Sweden). 
Data regarding the time and energy consumption of the generators, along with 
dryer and pelletizer units, were obtained from the manufacturers’ webpages.  
Appropriate distances for the relocation of machinery and workers were 
provided by Norra Skogsägarna (personal communication with Håkan 
Lageson, Norra Skogsägarna, Umeå, Sweden). Data from the ecoinvent 3.01. 
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2014 database ® were used for processes associated with the machinery and 
fossil fuel production. 
2.4 Allocation procedure for costs and resource use 
Several of the operations analyzed in the presented research yielded two or 
more products. Thus, to accurately determine the production cost and resources 
used for each of the products, the costs and consumption of resources must be 
appropriately divided between the products. In study I, costs in the integrated 
supply chains B and C were calculated for the whole supply chains and 
allocated between the products based on the change in costs compared to a 
reference case (supply chains A).For example, based on a comparison to 
separate roundwood harvest, only the additional cost of the integrated 
operations were allocated to the residual forest biomass in the integrated supply 
chain B. The cost and energy consumption allocated to stemwood was identical 
in all three alternative supply systems. In the conventional supply chains A, no 
harvester costs or energy consumption were allocated to the stumps and 
logging residues. Since stemwood is considered to be the main product, the 
felling and delimbing process is carried out in essentially the same way 
irrespective of whether the stumps and logging residues are recovered.  
The ISO standard for LCA (ISO 14040, 2006) recommends avoiding 
allocation. In the presented research, the harvesting of each assortment 
required specific amounts of harvester and forwarder work; therefore, 
allocation of fuel consumption for these operations was not necessary because 
the time consumption was calculated for each assortment.  
If allocation cannot be avoided, ISO 14044 (2006) recommends the use of 
physical relationships or economic values. Mass allocation was used in studies 
I and II for the following processes: transportation of workers, harvesters and 
forwarders to and from harvesting sites; loading and unloading of harvesters 
and forwarders from and onto trucks. In study II, mass allocation was also used 
for operations involving the harvesting, forwarding and transportation of the 
sawlogs with stump cores. 
In addition, the mass allocation approach was used in study III to 
appropriately divide seedling production, soil preparation, and manual planting 
between assortments. This approach is in agreement with other LCA studies of 
biomass systems (Kilpeläinen et al., 2011; Neupane et al., 2011; Routa et al., 
2011). The energy and material flows corresponding to PCT were also 
assigned on the basis of mass allocation between all the assortments included 
in the Swedish conventional supply chains. Harvesting, skidding and 
processing of non-merchantable logs in Canadian conventional supply chains 
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were allocated to pulpwood and sawlogs. However, these processes were 
allocated only to LRS when the Canadian biomass dedicated supply chains 
recovered LRS.  
In study IV, two products were produced, sieved wood chips (main product) 
and fines (by-product), after the fractioning process. The fines were used as 
input fuel in the drying process. Therefore, this by-product represented an 
alternative to other fuels on the market. It was assumed that the fines replaced 
wood chips from logging residues, which means that the production of wood 
chips was avoided. For this reason, allocation was avoided. The system was 
then expanded to include all the processes involved in wood chip production 
(value taken from De La Fuente et al., 2017), after which the total emissions 
associated with drying pellets were determined by subtracting the emissions 
associated with the avoided wood chip production from the emissions 
associated with pellets and fines production. 
2.5 Environmental assessment 
Study II assessed global warming potential (GWP) over a 100-year time 
horizon. The gases CO2, CH4 and N2O were included in the assessment 
because they are the main GHG that contribute to radiative forcing (the 
difference between the energy in sunlight absorbed by the Earth and energy 
radiated back) (IPCC, 2013). These gases are released into the environment 
during forest fuel supply chain processes through the combustion of fossil 
fuels, with diesel as the most commonly used fuel. The emissions factors 
reported by Lindholm et al. (2010) were used to calculate the total emissions 
arising from diesel combustion in forest machinery and trucks. GWP 
characterization factors, which enable the conversion of results from life cycle 
inventory data into equivalent CO2 emissions, were taken from IPCC (2013). 
The Life Cycle Impact Assessment (LCIA) in studies III and IV was 
conducted according to the characterization factors reported in the ReCiPe (H) 
midpoint method v.10. (Goedkoop et al., 2009). The potential impacts assessed 
were GWP (kg CO2-eq.), terrestrial acidification potential (TAP) (g SO2-eq.), 
marine eutrophication potential (MEP) (g N-eq.), fresh water eutrophication 
potential (FEP) (g P-eq.), photochemical oxidant formation potential (POFP) (g 
NMVOC), and fossil fuel depletion potential (FDP) (kg oil-eq.). Special 
attention was paid to GWP due to its relevance in a climate change context. In 
addition, an increase or decrease in GWP implied a similar pattern in other 
environmental impacts affected by fossil fuel combustion, such as TAP, POFP 
and FDP. SimaPro 8.0.3 software (PRé-sustainability, 2014) was used for 
inventory data implementation and the estimation of environmental impacts. 
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3.1 Swedish conventional and integrated forest supply 
chains (studies I and II) 
The three Swedish locations differed mainly in the total feedstock amount that 
could be produced by conventional supply chains: 1.3 MODt/yr for Storuman; 
2.1 MODt/yr for Umeå; and 2.3 MODt/yr for Örnsköldsvik. The average 
distribution of assortments produced by the conventional supply chains (group 
A) was 41% sawlogs, 25% pulpwood, 12% logging residues and 20% stumps. 
This distribution differed by only a few percentage points between locations. 
The supply of logging residues via integrated supply chains (group B) 
increased the amount of residues compared to conventional supply chains 
(group A) by 25%, 15%, and 34% in Örnsköldsvik, Umeå, and Storuman, 
respectively. The harvest of small trees during energy thinnings in the group C 
integrated supply chains added 84000 ODt/yr, 77000 ODt/yr, and 86000 
ODt/yr for Örnsköldsvik, Umeå, and Storuman, respectively. The harvesting of 
stump cores in integrated supply chains delivered only about 20% of the stump 
biomass that conventional supply chains are able to harvest. 
The assortments with the highest supply cost were stumps and stump cores, 
which, on average, had supply costs that were 12% and 10% higher than that of 
pulpwood, respectively. In contrast, the supply cost of logging residues was, on 
average, 12% lower than that for pulpwood. RS and long tops demonstrated 
average supply costs that were 7% and 15%, respectively, lower than the 
supply cost of pulpwood in conventional supply chains. The cost of procuring 
whole small trees was similar to that for RS or long tops, as it was 5% less than 
the cost of procuring pulpwood. The supply cost of BWT was 15% lower than 
that of pulpwood.  
3 Results     
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The supply cost for chipped feedstock was mainly within the 75-110 €/ODt 
range (Figure 7). The supply curves for B and C were below the curve for A 
since the integrated supply chains (B and C) had lower supply costs per ODt 
biomass than the conventional supply chains (A). This means that more 
feedstock can be supplied at a given cost level.  
Therefore, the integrated harvesting of tops and branches with stemwood 
assortments, combined with whole-tree harvesting during early thinnings, 
shows significant potential to reduce the supply cost for non-stemwood 
assortments. The energy use analysis shows that the energy input of integrated 
supply chains is relatively small when compared to the energy content of the 
harvested feedstock. The amount of energy used corresponds to approximately 
2-4% of the energy content of the delivered wood feedstock, when all 
assortments (except sawlogs) are chipped without prior separation. For the 
conventional supply chains these percentages vary from 2% to 6%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Aggregated supply cost curve for all the assortments produced by different supply 
chains (excluding sawlogs) in Örnsköldsvik (study I). 
At all three locations, the GHG emissions arising from supply chains 
producing different assortments followed a similar pattern (Fig. 8). The 
integrated supply chains showed lower estimated total fuel consumption and 
GHG emissions (kg CO2-eq.) than the conventional supply chains. The 
weighted average for GHG emissions of all the assortments varied between 37 
and 38 kg CO2-eq./ODt for the integrated supply chains, and between 43 and 
 
Conventional supply chains
Integrated supply chains with
pre-commercial thinning
Integrated supply chains with 
energy thinning
(1000 ODt)
C
o
st
(E
U
R
/O
D
t)
Örnsköldsvik
Yearly cumulative feedstock (1000 ODt)
41 
 
45 kg CO2-eq./ODt for the conventional supply chains (excluding sawlogs). 
Thus, switching from conventional supply chains to integrated supply chains 
should, on average, cut GHG emissions by 13%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. The GHG emissions associated with supply chains that produce the indicated 
assortments at three study site locations (study II). Key: PL FT, pulpwood from first thinnings; 
PL ST, pulpwood from second thinnings; SL ST, sawlogs from second thinnings; PL FF, 
pulpwood from final fellings; SL FF, sawlogs from final fellings; LR, logging residues from final 
fellings; SP, stumps from final fellings (conventional supply chains) and BWT, bundled whole 
small trees from energy thinnings; RS, rough-delimbed tree sections from first thinnings; LT ST, 
long tops from second thinnings;  SL ST, sawlogs from second thinnings;  LT FF, long tops from 
final fellings ; SL FF, sawlogs from final fellings; SC, stump cores from final fellings (integrated 
supply chains). 
The key contributors to GHG emissions in both conventional and integrated 
supply chains were transportation, forwarding, harvesting, and chipping. 
Stump harvesting was another relevant contributor in the conventional supply 
chains. 
3.2 Swedish and Canadian forest supply chains (study 
III) 
There were large differences between the Swedish and Canadian scenarios in 
all of the considered environmental impact categories (Table 1 and Fig. 9). 
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When all of the forest assortments in each scenario were considered, the 
Swedish integrated supply chains (Scenario B) exhibited the lowest average 
emissions, followed by the Swedish conventional supply chains (Scenario A), 
the Canadian biomass dedicated supply chains (Scenario D), and the Canadian 
conventional supply chains (Scenario C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Comparative environmental impacts of the evaluated scenarios (study III). Acronyms: 
A, Swedish conventional supply chains; B, Swedish integrated supply chains; C, Canadian 
conventional supply chains; D, Canadian biomass dedicated supply chains. 
In terms of GWP, Scenario B generated 48.8 kg CO2-eq./ODt, which 
involved an equivalent emission rate around 13% lower than Scenario A, 30% 
lower than Scenario D, and 38% lower than Scenario C. The GHG emissions 
mainly arose from fossil fuel combustion by the forest machinery and trucks. 
The production of machinery, fossil fuels and electricity only had minor 
contributions to the global GHG emissions. The Swedish integrated and the 
Canadian biomass dedicated supply chains (Scenarios B and D, respectively) 
had lower environmental impacts than the respective conventional supply 
chains in each country (Scenarios A and C). 
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Table 1. Characterization results per functional unit (1 ODt of forest biomass) of the different 
supply chain scenarios in Sweden and Canada (study III). Acronyms: A, Swedish conventional 
supply chains; B, Swedish integrated supply chains; C, Canadian conventional supply chains; D, 
Canadian biomass dedicated supply chains; SL, sawlogs; GWP, global warming potential; TAP, 
terrestrial acidification potential; FEP, fresh water eutrophication potential; MEP, marine 
eutrophication potential; POFP, photochemical oxidant formation potential; FDP, fossil fuel 
depletion potential. 
Impact 
category 
Unit Scenario A  
 
Scenario B Scenario C Scenario D 
SL Wood 
chips 
Average SL Wood 
chips 
Average SL Wood 
chips 
Average SL Wood 
chips 
Average 
GWP kg CO2-eq 36.5 70.4 56.3 35.2 60.4 48.8 74.6 86.0 78.2 62.8 75.4 69.8 
 TAP g SO2-eq 238 481 380 228 391 316 512 589 540 431 495 470 
 FEP g P-eq 4.8 10.2 7.9 4.5 7.2 6.0 14.0 15.6 14.3 7.9 8.1 8.0 
 MEP g N-eq 14.2 28.7 22.6 13.5 23.2 18.8 30.5 35.0 32.2 25.9 29.7 28.2 
POFP g NMVOC 400 810 639 379 655 528 838 967 888 724 838 794 
FDP kg oil-eq 12.6 23.6 19.0 12.1 20.4 16.6 25.0 28.7 26.2 21.5 25.5 23.7 
 
When all of the supply chains were analyzed, the results identified the key 
processes (environmental hotspots) to be harvesting, forwarding, skidding, 
chipping, crushing, and transportation from forest to industry. In terms of GHG 
emissions, transportation was the process that resulted in the highest emissions, 
contributing between 30% and 58% of the total emissions depending on which 
assortment and supply chain was considered. 
3.3 Small-scale decentralized mobile pellet production 
system (study IV) 
The landing-based scenario showed slightly lower emissions than the terminal-
based scenario for all the impact categories (Table 2). The GWP of the 
landing-based scenario was 269 kg CO2-eq. whereas the GWP of the terminal-
based scenario was 272 kg CO2-eq. The GWP, TAP, MEP, POFP and FDP of 
the two systems varied by about 1%, while there was a 6% difference in FEP. 
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Table 2. Characterization results per functional unit (1 ODt of pellets stored at the terminal) of 
landing- and terminal-based scenarios (study IV). Acronyms: GWP, global warming potential; 
TAP, terrestrial acidification potential; FEP, fresh water eutrophication potential; MEP, marine 
eutrophication potential; POFP, photochemical oxidant formation potential; FDP, fossil fuel 
depletion potential. 
Impact category Landing -based scenario Terminal-based scenario 
GWP (kg CO2-eq.) 269 272 
TAP (kg SO2-eq.) 2.32 2.33 
FEP (g P-eq.) 18.4 19.5 
MEP (g N-eq.) 146 147 
POFP (kg NMVOC) 4.16 4.18 
FDP (kg oil-eq.) 87.3 88.1 
 
When all of the production stages were considered, pelleting exhibited the 
highest emissions, followed by transportation, drying, chipping and fractioning  
(Table 3). 
The influence of different factors was studied through a sensitivity analysis. 
The results showed that long transportation distances for the wood chips or 
pellets increased the differences between scenarios. The landing-based scenario 
showed a lower environmental profile in the transportation stage. The biomass 
concentration at the landing had a larger effect on the landing-based scenario 
than on the terminal-based scenario. An increase in pelletizer capacity 
decreased emissions by between 22% and 25% (depending on the 
environmental impact considered) in both landing- and terminal-based 
scenarios. Using electricity from the power grid instead of a diesel generator at 
the terminal reduced GWP, TA, ME, POF and FD by 68%, 78%, 80%, 83% 
and 71%, respectively. The drying and pelleting stages showed the highest 
emission reductions. Finally, a decrease in the productivity of the landing-
based scenario caused increases in all of the environmental impact categories, 
with drying the stage of production that was most affected. 
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4 Discussion 
 
4.1 Key processes and productivity parameters in the 
supply chain 
 
Road transportation, harvesting and forwarding were the costliest processes in 
the Swedish supply chains. In terms of energy use and GHG emissions, the 
same processes were found to be environmental hotspots in the supply chains, 
as had been previously suggested by Berg and Karjalainen (2003), Berg and 
Lindholm (2005), and Sambo (2002). Chipping logging residues at the 
roadside, crushing stumps, chipping RS and long tops at terminal, and skidding 
were also found to be energy intensive processes.  
For a specific forest machine, the fuel consumption per hour of use is often 
relatively constant (Nordfjell et al., 2003). Therefore, the fuel consumption and 
most of the GHG emissions per ODt depend heavily on the productivity of the 
machine. To understand which parameters influence the most the productivity 
of forestry machinery and trucks is essential to develop efficient forest supply 
chains. 
The time consumption equations used for the harvesters in study I show that 
the number of trees harvested per ha and the volume of removed stems are key 
parameters in determining the time spent harvesting. Proper matching of 
harvesting heads, the power and speed of the crane, terrain conditions and 
operator training also influence productivity. In fact, well-educated operators 
can lead to a 10% decrease in energy consumption (Forsberg and Löfroth, 
2002). Similar factors influence the productivity of a feller-buncher, since time 
consumption is mainly affected by tree size and trees per ha. The feller-
buncher felling head can cut trees of different sizes in approximately the same 
time (Akay et al., 2004). Moreover, the speed of moving, cutting and 
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accumulating trees increases when the number of trees/ha increases (Akay et 
al., 2004). Therefore, large trees and dense harvesting sites decrease the time 
consumed per ODt by a feller-buncher. 
For forwarders, the cycle time includes travel time, loading and unloading 
time, as well as other delays. Travel time depends on the forwarding distance, 
machine horsepower, vehicle speed and load weight (Akay et al., 2004). 
According to Manner et al. (2013) the loading work, on average, accounts for 
78-82% of the total forwarding time consumption for forwarding distances of 
200-300 m (one way). In addition, Nordfjell et al. (2003) found that loading 
accounts for most (40-60%) of the total fuel consumption. Log concentration, 
expressed as volume per unit distance on the strip road, is a key factor that 
influences forwarding time consumption (Manner et al., 2013); hence, time 
consumption decrease as log concentration increases. Skidding distance is the 
most important variable in skidding cycle time (Akay et al., 2004). The load 
size, including number of logs grappled, volume per turn, and the number of 
bunches grappled per turn also affect how much time is taken up by skidding 
(Akay et al., 2004).  
Regarding transportation by trucks, maximizing payload is essential to 
improving efficiency and reducing costs (Canadian Institute of Forestry, 2016). 
Increased efficiency translates to a reduction in fuel consumption and GHG 
emissions (Canadian Institute of Forestry, 2016). In British Columbia 
(Canada), the maximum gross vehicle weight of a B-train truck is 63.5 tonnes 
(Ministry of Transportation and Infrastructure, 2006). Since 2015, the 
maximum gross vehicle weight of a logging truck and trailer in Sweden is 64 
tonnes. New vehicles that are longer and heavier (load capacities of 90 tonnes 
and 66 tonnes) have been tested in Sweden (Skogforsk, 2012). These new 
trucks can reduce fuel consumption and transportation costs by around 20% 
(Skogforsk, 2012). Therefore, greater payloads can improve transportation 
efficiency and reduce GHG emissions associated with fuel consumption. 
However, evaluations of possible damages to the road network, the load-
bearing capacity of bridges, and the road geometry requirements for these new 
trucks need to be considered before the trucks are introduced (Canadian 
Institute of Forestry, 2016).  
In addition to increasing the physical load capacity of trucks, reducing the 
volume of forest assortments is also important to improving transportation 
efficiency. Pre-crushing, chipping and bundling all increase payload. In the 
case of assortments that have to be transported with branches, a good practice 
would be to transport this biomass after natural drying. This is because 
reducing the moisture content from 50% to 35% will increase the payload, and 
therefore, the transportation efficiency. The pre-treatment of biomass becomes 
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increasingly important as the distances from forest/terminal to industry grow. 
The comparison analysis of integrated and conventional supply chains 
demonstrated that forest assortments that were not delimbed required more 
energy during transportation since their volume/mass ratio was higher and the 
truck load was smaller. However, bundling (producing BWT) reduced the 
volume/mass ratio and thus, fuel consumption per ODt during transportation. 
Within the harvesting process, extracting pulpwood during first thinning 
and BWT assortments required the most energy. This can be explained by 
harvesters being less productive in young forests dominated by small-diameter 
trees. A comparison of the harvesting of RS during FT and long tops during ST 
with pulpwood during FT and ST showed that fuel consumption during FT and 
ST was 34% and 50% lower, respectively, when the harvester did not delimb 
all the branches. Thus, harvesting RS and long tops rather than pulpwood 
assortments was more productive during both FT and ST. Within the 
forwarding process, stump and logging residues extraction required the most 
energy. However, the integrated supply chains used less energy per ODt in the 
forwarding process than conventional supply chains of logging residues and 
stumps due to higher stemwood contents of the BWT, RS and sawlog with 
stump core assortments. 
The extraction of stump cores showed low fuel consumption because stump 
cores were harvested while attached to sawlogs, which increased both the 
productivity of machinery and truck payload. In contrast, conventional stump 
extraction caused the most emissions due to the energy intensive excavating 
and forwarding processes.  
The harvesting process of the Canadian scenarios had a better 
environmental profile than the harvesting process of the Swedish scenarios. 
This can be explained by the feller-buncher requiring less time to finish the 
operations than the harvester (0.05 h/ODt compared to 0.08 h/ODt). However, 
harvesters cut and processed trees at the stump. The Canadian full-tree 
harvesting system requires machinery at the roadside to further process the 
trees. This increased the emissions per ODt by around 8.8 kg CO2-eq. In 
addition, the forwarders used in final felling have shorter cycle times than 
skidders (0.10 h/ODt compared to 0.13 h/ODt). All of these factors make the 
cut-to-length method more energy efficient than the full-tree method, as also 
shown by Sambo (2002). 
Another important aspect in the comparison analysis of Swedish and 
Canadian supply chains was the amount of forest biomass available. Final 
fellings in the Swedish scenarios A and B delivered 173 and 136 ODt/ha, 
respectively, whereas Canadian final felling operations delivered 44 and 68 
ODt/ha for scenarios C and D, respectively (study III). In addition, Canadian 
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forest biomass was only harvested during final felling; in contrast, the Swedish 
supply chains harvested biomass four times throughout the whole forest cycle. 
 
The application of the Swedish cut-to-length harvesting method to the 
Quesnel supply area would probably result in harvester and forwarder 
productivities that are lower than the corresponding productivities in Northern 
Sweden because the volume per ha is lower in the Quesnel supply area. As 
mentioned above, two of the key parameters affecting harvester productivity 
are the amount of trees per ha and the stem volume. In addition, log 
concentration was identified to be a key parameter in forwarder productivity. 
4.2 Comparison with related studies 
Differences in system boundaries, inventory data quality, background data, 
study assumptions, allocation methods, characterization factors, and the 
considered technology make comparison with other LCA studies difficult. 
Moreover, previous LCA studies of forest supply chains in Nordic conditions 
have been based on the conventional system (Berg and Lindholm, 2005; 
Wihersaari, 2005; Eriksson and Gustavsson, 2008; Eriksson and Gustavsson, 
2010; Lindholm et al., 2010; Jäppinen et al., 2014), although the harvesting of 
small trees was included by Jäppinen et al. (2014); Eriksson and Gustavsson 
(2008); Eriksson and Gustavsson (2010).  
In terms of total energy consumed by the supply chains, 2-6% of the energy 
content of the delivered wood feedstock was use in the conventional supply 
chains according to study I. This energy ratio agrees with results from Ireland 
regarding the extraction of logging residues and stumps with similar 
conventional supply chains (Murphy et al., 2014). The corresponding energy 
ratio for integrated supply chains, in which all material is chipped without prior 
separation, was about 2-4%. These results are relatively close to what other 
studies of supply chain energy use have reported (De Jong et al., 2014).   
Previous studies of the emissions generated by the supply chains of specific 
assortments have reported that 200 MJ of energy is required to produce 1 
m
3
sub (solid volume under bark) of timber wood in Northern Sweden, which is 
equivalent to emissions of 36.6 kg CO2-eq./ODt (assuming that the density of 
roundwood is 399 ODkg/m
3
 as in the cited study) (Berg and Lindholm, 2005). 
A similar value was calculated for the emissions from pulpwood from ST in 
study II (36.2 to 37.6 kg CO2-eq./ODt, depending on location), yet the 
previously suggested value was higher than the emissions calculated for 
pulpwood from FF (28.4 to 30.5 kg CO2-eq./ODt) and sawlogs from FF (20.6 
to 22.6 kg CO2-eq./ODt). These lower values may have resulted from the 
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exclusion of seedling production and silvicultural processes in study II. 
However, the emissions from sawlogs FF (35.2 kg CO2-eq./ODt) in study III, 
which included all the processes from a cradle-to-gate perspective, were 
similar to those reported by Berg and Lindholm (2005). Berg and Lindholm 
(2005) also found that final felling requires less energy than thinning, which 
studies II and III confirmed, as harvesters and forwarders were used less on site 
as diameter at breast height (DBH) increased. The BWT supply chain 
emissions presented in study II are similar to estimates by Eriksson and 
Gustavsson (2008) and (2010), but lower than those reported by Jäppinen et al. 
(2014). The stump supply chain emissions were similar to values reported for 
Northern Finland by Jäppinen et al. (2014) and Northern Sweden by Lindholm 
et al. (2010). However, the logging residues supply chain emission values from 
study II (42.7 to 46.2 kg CO2-eq./ODt, depending on the location) were lower 
than previously reported values for  Northern Finland (55.7 kg CO2-eq./ODt) 
and Northern Sweden (59.5 kg CO2-eq./ODt) by Jäppinen et al. (2014) and 
Lindholm et al. (2010), respectively. The higher emissions presented by 
Jäppinen et al. (2014) may have resulted from a longer average forwarding 
distance (470 m) and different transportation processes (for which average 
distances were not specified). On the other hand, residues were not transported 
as wood chips in the study by Lindholm et al. (2010), and this would increase 
fuel consumption during transportation.  
Berg et al. (2014) found total fuel consumption for the stump supply chain, 
10 l/ODt, to be noticeably lower than what was estimated in study II, 22.1 to 
23.6 l/ODt. The lower calculated consumption could be due to differences in 
the study assumptions, such as shorter forwarding distances (200 m compared 
to 300 m in study II), lower excavator-based stump harvester fuel consumption 
(12 l/h compared to 16l/h), shorter transportation distances (50 km), and 
comminution to chips before transportation compared to comminution at the 
terminal. However, the estimates of Berg et al. (2014) for the fuel consumption 
of the stump core supply chain (20 l/ODt) are higher than what was calculated 
in study II. This difference may be due to a higher fuel consumption of the 
feller puller (41 l/ PM15h instead of 20) and lower payload of timber trucks (the 
cited authors assumed that sawlogs with stump cores would be bulkier than 
sawlogs) in their calculations.  
In relation to the results from study IV, no direct comparison with similar 
studies could be made since other studies identified in the literature were based 
on stationary industrial plants (centralized production systems). However, it is 
still relevant to compare the results from a small-scale mobile production 
system to stationary industrial-scale production. Conventional pellet 
production chains from sawdust, cutterdust and roundwood were previously 
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analyzed by Hagber et al. (2009). The authors applied a cradle-to-gate 
approach to centralized systems in Sweden. Their results showed emissions 
ranging from 56-74 kg CO2-eq. per ODt of pellets for all three types of raw 
materials. These values are in agreement with Sikkema et al. (2010), who 
reported that the production of pellets in a pellet plant in Sweden using sawdust 
as a feedstock results in GHG emissions of around 50 kg CO2-eq. per t of 
pellets. These results are much lower than those reported in other published 
pellet production studies. For example, Laschi et al. (2016) showed that the 
production of 1 t of packed pellets results in 400 kg CO2-eq. in Italy. The 
production of the electricity required by the system was identified as the most 
important factor in pellet production, as it caused 93% of the emissions. In fact, 
Hagber et al. (2009) showed that if electricity from coal instead of the Swedish 
electricity mix had been used in their study, then the GHG emissions would 
have been between five and six times greater. The GHG emissions in study IV 
were around 270 kg CO2-eq. per ODt of pellets. However, when the Swedish 
electricity mix was used instead of diesel fuel, the GHG emissions reduced to 
87 kg CO2-eq. per ODt. In terms of the ratio between the energy spent to 
produce pellets and their energy content, Laschi et al. (2016) reported an 
energy ratio of 0.15. However, this ratio, as well as the GHG emissions, can 
vary depending on industrial scale, machinery efficiency, feedstock used and 
the considered system boundaries (Laschi et al. 2016). Results from study IV 
showed that this ratio was 0.23 for the scenarios analyzed. However, the ratio 
decreased to 0.15 if the electricity at the terminal was provided by the power 
grid rather than generated by a traditional diesel generator. Therefore, from an 
LCA perspective, the only way small-scale mobile pellets plants can compete 
with industrial-scale production is by using electricity at terminals. 
4.3 Advantages and disadvantages of integrated supply 
chains 
4.3.1 Cost 
The integrated harvest of stemwood with tree tops and branches, when 
compared to separate harvests, has the potential to decrease the supply cost of 
forest biomass. In addition, ET could replace PCT fully or partially, and this 
would provide the additional benefit of avoiding PCT costs (this was not 
included in the calculations, but could make energy thinning even more 
attractive from a cost perspective). Stump cores were transported to industrial 
sites still attached to the butt-logs. In this way, sawlogs could be extended 1-2 
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decimeters, up to the point where the fibers start to change angle (Jonsson,1985 
in Berg, 2014 ). This added length could have higher value than wood fuel and, 
in turn, make the utilization of these extended sawlogs economically viable 
(Berg, 2014). 
In study I, the costs of sawlogs and pulpwood were kept constant. This 
gives a good idea of the benefits (and costs) of the new practices, but it does 
not take into account how changes in costs could affect the market prices of 
different assortments. A reduced total cost could, depending on the market 
situation, be absorbed by entrepreneurs as increased profit, lead to lower saw 
timber prices, or decrease the prices of feedstock for biorefinery or energy 
industries. 
4.3.2 Biomass amount 
The total potential biomass production of the integrated supply chains was 
lower than that of conventional supply chains because stump cores only 
account for about 20% of the stump biomass recovered during conventional 
stump harvest. However, residual forest biomass was harvested during thinning 
operations and final felling in the integrated supply chains, whereas it was only 
recovered during final harvest in conventional supply chains. If no stump 
harvesting occurs, then the integrated supply chains could, depending on the 
location, provide between 16% and 26% more biomass than the conventional 
supply chains. 
4.3.3 GHG emissions 
Study II showed that integrated supply chains have the potential to reduce fuel 
consumption and GHG emissions associated with the combustion of fossil 
fuels by around 13% relative to conventional supply chains when all three 
locations in Northern Sweden were considered. Regarding the emissions 
arising from wood chip storage, Wihersaari (2005) reported that chip storage 
may generate 5-10 kg CO2-eq./MWh/month. According to Jirjis (1995), 
storage of chipped woody biomass for a few months can lead to microbial 
decay and significant losses (10-15%) of dry matter. However, Afzal et al. 
(2010) argue that the emissions arising from uncomminuted biomass during 
storage can be considered insignificant compared to the emissions arising from 
wood chip storage. This represents an advantage for integrated supply chains 
because all the assortments are uncomminuted upon arrival at terminals, which 
reduces possible emissions from biomass storage. However, the emissions 
arising from storage depend on how, and for how long, the unchipped residues 
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are stored at terminals. Routa et al. (2015) found that the dry matter losses of 
unchipped logging residues can vary by up to 3% per month. Carbon emissions 
from forest soils can also increase after soil disturbances due to increased 
decomposition rates (Berg, 2014). It is expected that the extraction of stump 
cores instead of conventional stumps reduces soil disturbances and therefore 
leads to lower GHG emissions. 
4.3.4 Nutrient loss, water pollution and soil compaction 
In boreal forests, nitrogen is generally the limiting nutrient for tree growth 
(Hyvönen et al., 2007). Furthermore, foliage may account for up to 50% of a 
tree’s nutrient content (Pelkonen et al., 2014). Therefore, foliage extraction 
could reduce nutrient availability in the soil. It has been observed for sensitive 
areas (eg. pine stands on mineral soils), the removal of logging residues may be 
followed by a decline in productivity (Egnell and Valinger, 2003).  
In addition, it has been suggested that ET could affect the yield of FT 
(Karlsson, 2013). The actual effect on the yield will, however, depend on stand 
characteristics (no yield reductions in subsequent harvesting operations were 
taken into account in the research underlying this thesis). The integrated supply 
chains extract tops and branches during thinning operations rather than only 
during final felling, as is the case in conventional supply chains. Therefore, a 
potential disadvantage of integrated supply chains is the loss of nutrients and 
possible negative effects on tree growth. On the contrary, the extraction of 
stump cores instead of stumps would leave the root system intact, and thereby 
mitigate nutrient depletion and soil disturbance (Berg et al., 2014). Although 
coarse roots have lower nutrient contents than foliage, they have higher 
nutrient content than stemwood (Hellsten et al., 2013). Furthermore, soil 
disturbances can also affect water quality. The concentration of methylated 
mercury, a toxic compound, in soil water increases after soil disturbance and 
may reach aquatic systems (Munthe and Hultberg, 2004). It is expected that 
stump core harvest would have less of an impact on water quality than stump 
harvest. Finally, the simultaneous extraction of stemwood and residual forest 
biomass could reduce the total amount of driving over the terrain, and therefore 
soil compaction, when compared to methods with separate extraction 
(Walmsley and Godbold, 2010). 
4.3.5 Flexibility of the supply chains and biomass quality 
Different parts of a tree have different properties, so it may be desirable to 
separate these various parts. In conventional supply chains, the separation of 
55 
 
logs and residual assortments happens during harvest. Separate supply chains 
provide greater flexibility in terms of supply, as the demand for different 
assortments may vary over time. For example, in some Swedish regions, the 
demand for energy assortments is presently met by processing residues from 
pulp mills and sawmills, and there is little demand for wood fuels such as 
logging residues. In this way, it is more attractive to harvest residues in other 
locations. In integrated supply chains, separation may be performed at an 
intermediate terminal or at the receiving industry. The potential disadvantages 
of integrated supply chains are that valuable and less valuable components are 
not separated early in the chain, and that there are fewer opportunities to pass 
different fractions directly from harvest to different users. However, the 
advantages of an integrated supply chain include easier handling with lower 
risk for the contamination of residual assortments, better control over 
comminution and separation if undertaken at a large-scale or at the destination 
industry, and potentially more efficient comminution and separation when 
performed at a large-scale at the terminal or industry site. Even though stump 
cores can be expected to be much cleaner than stumps, which are typically 
contaminated with dirt, sand and stones (Laitila et al., 2008; Athanassiadis et 
al., 2011), Berg (2014) mentioned that soil contamination of stump cores can 
still be problematic for the processing industries. 
Although the application of an integrated supply chain is associated with 
the potential for cost reduction, a change in practices is likely to require a 
steady demand for the residual assortments. This demand could be created by 
expanding the biomass-based heat and power generation or biorefinery 
industries that produce, for example, advanced transportation fuels. An 
integrated supply of stemwood and residues appears to be an attractive option 
for industrial sites that accept unsorted feedstock components. In addition, 
forest terminals may act as important hubs for receiving integrated assortments 
and separating them for different users (Kons et al., 2014). 
4.4 Advantages and disadvantages of small-scale 
decentralized systems 
Study I showed that transportation was the most costly process in the supply 
chains analyzed. In addition, studies II and III identified transportation as the 
process that contributes the most GHG emissions. Therefore, reducing 
emissions in transportation will have a large effect on the total emissions of the 
supply chains. This could be achieved by reducing transportation distances, 
increasing the load capacity of trucks, or increasing the energy density of 
biomass. Therefore, both compaction and densification are considered to be 
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crucial for an efficient biomass supply (Eubia, 2017a). A small-scale 
decentralized production system, such as a mobile pellet plant, could be part of 
the conventional or integrated forest supply chains. This small-scale production 
system could contribute to reducing GHG emissions, improving the 
transportation efficiency of biomass, reducing biomass degradability, and 
producing a high value, homogeneous product. 
4.4.1 Main barriers affecting decentralized renewable energy systems 
High operational costs and low efficiency have been identified as some of the 
most critical barriers to the development of decentralized energy systems 
(Mangoyana and Smith, 2011; Yaqoot et al., 2016). Technology design, 
installation and performance are technical barriers that affect efficiency. In 
fact, Mangoyana and Smith (2011) claimed that economic factors play a more 
pivotal role in driving the development of small-scale decentralized bioenergy 
systems than environmental factors. This means that production efficiency is 
essential to ensuring the overall sustainability of such systems, and efficiency 
could be improved by: 1) implementing closed loop models where waste 
materials from one process are used for the production of other products; or 2) 
seeking linkages in the biofuel production chain for small scale producers, i.e. 
raw material procurement, refining, distribution and marketing. In addition, 
Yaqoot et al. (2016) identified policies that favor conventional energy 
technologies as another important barrier. 
However, the decentralized systems also have several strengths, such as the 
creation of economic opportunities and the reduction of transportation 
distances, which could reduce transportation costs and emissions. These 
strengths are enhanced by the local availability of raw materials and local 
markets for bioenergy (Mangoyana and Smith, 2011). Mangoyana and Smith 
(2011) pointed out that community participation in providing markets and 
feedstock is critical for the sustainability of decentralized bioenergy systems. 
Different studies have stressed how difficult it is for small-scale 
decentralized systems to compete with large-scale production systems. For 
example, Bernesson et al. (2004) compared the small- and large-scale 
production of rape methyl ester under Swedish conditions. The authors showed 
that the high efficiency of large-scale production outweighed the 
environmental impacts of longer transportation distances. Daianova et al. 
(2012) showed that the cost of supplying a regional passenger car fleet with 
transport fuel can be decreased by up to 31% when the ethanol production is 
integrated in a CHP plant when compared to standalone plants. According to 
the authors, the higher profitability of the integrated system resulted from 
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better process efficiency and the additional revenue that will come from using 
residuals and/or byproducts within the system. Braimakis et al. (2014) 
compared the intermediate conversion of biomass to bio-oil (through fast 
pyrolysis process), along with bio-oil transportation to a central bio-refinery 
unit, to the alternative option of transporting biomass directly to the same unit. 
The authors concluded that the reduction in transportation costs cannot make 
up for the increased capital and operational costs related to the fast pyrolysis 
process for a range of distances between 100 and 500km. In contrast, Kimming 
et al. (2015) concluded that a farm cluster in Sweden could produce heat with a 
lower total climate impact (3 kg CO2-eq/GJ heat) than a system with 
production based on regionally-sourced biofuels (13–14 kg CO2-eq/GJ heat). 
Compared with the large-scale biomass-based system, the production costs and 
subsequent heat prices for consumers were lower in the farm cluster system. 
This was mainly due to the use of unconventional agricultural fuels, but was 
also influenced by shorter transportation distance, lower overhead costs and the 
lower profit requirement of small energy producers. 
The final outcome of the tradeoff between shorter transportation distances 
in small-scale decentralized systems and the production efficiency in 
centralized systems largely depends on the contextual distances, feedstocks 
used and energy yields (Mangoyana and Smith, 2011). 
4.4.2 The mobile wood chip production case 
Processes like chipping logging residues are commonly carried out at the 
landing in Sweden. In fact, wood chip production at the landing is currently the 
predominant chipping option, covering approximately 75-80% of all chipping 
operations (Eubia, 2017b). Kettunen (2014) stated that chipping at landing, 
terminal or plant presents different advantages: the biggest advantage of 
chipping at the landing is the increase in transportation efficiency, since wood 
chips provide higher payloads than loose logging residues; while the terminal 
chipping is advantageous if the terminal is located near the harvesting sites. 
The wood chips can then be delivered from terminal to different customers 
with homogenous transportation density. Kettunen found the main advantages 
of chipping at the plant to be self-controlled logistics, higher capacities and 
lower chipping costs. Stationary chippers do not have restrictions in design, 
e.g. weight, whereas the mobile chippers have certain limitations because of 
their required mobility. Mobile chipper investment costs are typically lower, 
but the chipping cost per MWh is higher because of the shorter lifetime of the 
chipper, higher maintenance costs and higher fuel costs. Chipping at the plant 
becomes more advantageous as the biomass flow increases. Kettunen (2014) 
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also mentioned that the lower operating costs of a stationary chipper offset the 
investment costs and make the stationary chipper a preferred choice for 
medium and large power plants that produce more than 10MWe. However, 
Kanzian et al. (2009) argued that chipping at the plant complicates logistics 
and increases handling costs, and is often not viable due to high dust and noise 
emissions. 
Nevertheless, chipping closer to the harvesting site becomes advantageous 
as the transportation distance to industry grows and the biomass density before 
chipping decreases. 
4.4.3 The mobile pellet production case 
The results and sensitivity analysis of study IV confirm that the decentralized 
landing-based scenario is more beneficial in terms of transportation than the 
terminal-based scenario, and that pelletizer capacity and the energy source used 
in the system have a strong influence on total emissions. In fact, when the 
Swedish electricity mix was used instead of diesel fuel, operating at terminal 
becomes a better option, from a LCA perspective, than operating at landing. 
 When the transportation distances between landing and terminal increased 
from 38 km to 200 km, the difference in the GHG emissions arising from the 
transportation stage between the scenarios increased from 1.4% to 11.1%. This 
difference was due to better truck payloads in the landing-based scenario, as 
pellets are denser and have lower moisture content than wood chips. In fact, the 
maximum weight (and not volume) is the limiting factor for pellet 
transportation. Thus, scenarios will differ greatly if the transportation distances 
are large and bigger truck payloads are used. 
An increase in pelletizer capacity requires powerful machinery; however, 
an increase in capacity will reduce the pellet production time, and therefore, 
reduce the environmental impacts per functional unit. Another key influential 
factor was the energy source used in the production system. The environmental 
impacts of the pelletizing and drying stages were reduced when using 
electricity from the power grid instead of a diesel generator (this option was 
only possible in terminal-based scenario). Finally, a decrease in the 
productivity of the landing-based scenario increased all of the environmental 
impacts. These results showed that an electrified mobile pellet production 
system situated at a forest terminal close to the harvesting site could, from an 
LCA point of view, be an interesting option for pelletizing logging residues, 
especially in regions with long transportation distances to industry. However, 
since high operational costs were identified as a main barrier to developing 
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decentralized energy systems, it is necessary to analyze the costs in order to 
evaluate if a mobile option can compete with stationary pellets plants. 
Besides chipping, the fractioning process could be an interesting option for 
landing-based operations. Fractioning improves the quality of wood chips, 
reduces the fine fractions which have higher moisture, nutrient and ash 
contents, and eliminates possible contamination by stones or oversize 
materials. Therefore, this process could improve transportation efficiency since 
only high-quality wood chips would be transported. In addition, since the fine 
fraction has high nutrient content it could be distributed over the original stand 
when transported back from the landing. However, some logistic aspects 
should be taken into account. In the landing-based scenario, the chipper, 
fractioning machine and wind-sifter work as one unit. Therefore, the slowest 
machine determines the productivity of the entire unit, and in the case of 
landing-based operations, the chipper slowed down the fractioning machine. 
Thus, the three machines should have similar time consumption figures to 
improve fractioning efficiency. 
4.5 Methodological considerations 
4.5.1 Methodologies applied in studies I to IV 
Each of the presented studies adopted an LCA perspective to analyze the 
energy use and other relevant environmental impacts of the systems. In 
addition, study I included a cost analysis. The results of study I helped define 
more efficient integrated supply chains that were then evaluated in study II 
(e.g. bundles instead of whole small trees, crushed stumps at landing, and ET 
instead of PCT). Study II analyzed fuel consumption in more detail, and 
presented the weighted average results for conventional and integrated supply 
chains as well as the fuel consumption by each forest assortment and process. 
Study II also provided the GHG emissions associated with fossil fuel 
consumption. In study III, the system boundaries were expanded and the LCA 
was conducted from a cradle-to gate perspective, i.e. from raw material 
production to delivery to industry. In addition, the production of machinery and 
energy was included within the system boundaries. The results from studies I, 
II and III showed how the contribution of transportation process to the total 
emissions of supply chains justifies the design of a mobile pellet plant close to 
the raw material. The system boundaries of study IV also included the 
production of machinery and energy. Although study IV utilized a gate-to-gate 
perspective, it would be easy to change to a cradle-to-gate perspective since the 
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raw material used in this study was previously analyzed in study III. The GHG 
emissions increase by approximately 30 kg CO2-eq./ODt of pellets produced 
when the extraction of logging residues to the landing area is considered. 
4.5.2 Key factors affecting the quality of the LCA studies 
A high-quality LCA study will consider the following aspects: 
 
 System boundaries 
The selection of the processes that will be modelled to accomplish the goal 
of the study will influence confidence in the results of the study (ISO 14040, 
2006).  
The main objective of studies I and II was to compare the integrated and 
conventional supply chains in Northern Sweden. For this reason, processes that 
were similar in all supply chains were excluded from the study. However, 
study III compared forest supply chains from a cradle-to-gate perspective, i.e. 
from seedling production up to the delivery of forest assortments to the 
corresponding forest industries, since Canadian and Swedish supply chains 
differed also in the preparation stage.  
The differences in the GWP of Swedish supply chains between studies II 
and III clearly show the influence of system boundaries. On average, the GWP 
results of the supply chains in study II represent around 61% of the GWP 
results obtained from study III. However, the GWP difference between the two 
Swedish scenarios was the same in both studies, which indicates that fuel 
consumption is a good indicator to compare different chains. 
Emissions due to changes in soil carbon stocks, the decay of biomass, and 
the assimilation of CO2 by trees were excluded from the system boundaries. 
The uptake of CO2 during tree growth was considered to be equal to the 
amount of CO2 released during the oxidation of wood at the end of its life cycle 
(Dias and Arroja, 2012; González-García et al., 2014). Although emissions 
from burning fines in the boiler were included in the calculations of study IV, 
the ReCiPe method used in calculations ignores the biotic carbon uptake and 
release. The assumption of carbon neutrality, as well as the decision of how to 
consider emissions arising from changes in soil carbon stocks, are important 
aspects that will affect the final climate benefits of using forest biomass.  
There are three main CO2 fluxes in forest ecosystems: CO2 uptake by plants 
through photosynthesis; carbon capture in biomass (above and below 
vegetation, dead wood and litter) and soil; and soil respiration (CO2 release 
into the atmosphere as result of organic material decomposition) (De Jong et 
al., 2014). The balance between growing new biomass and soil respiration 
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determines if the forest is a carbon source or sink in relation to the atmosphere 
(De Jong et al., 2014). Forestry affects the fluxes mentioned above by 
harvesting biomass and impacting the soil. Moreover, how the harvested 
biomass is used determines the timing of emissions (e.g. if biomass is used as 
fuel, the carbon stored in the biomass is released immediately into the 
atmosphere, but if natural biomass decomposition takes place the emissions are 
slowly released), which is important for the overall GHG performance of a 
biofuel system (Höglund et al., 2013).  
The climate impact of biogenic CO2 emissions from temporary changes in 
carbon pools is often excluded from environmental impact assessments due to 
the assumption of carbon neutrality (the carbon is recaptured by new 
vegetation within the given rotation period, therefore the radiative forcing 
effects due to these emissions are assumed to be negligible). If the carbon 
balance is assessed at landscape level instead of at stand level, then the direct 
carbon emissions from forest fuels can be compensated by the capture of 
carbon in intensive growth phase stands and by avoided decomposition (De 
Jong et al., 2014). In fact, Clarke et al. (2015) pointed out that the harvesting 
effects on the aggregated carbon balance at landscape level may be less 
dramatic than those for individual stands. 
However, as Cherubini et al. (2011) and Michelsen et al. (2012) pointed 
out, it is important to realize that carbon neutrality is not the same as climate 
neutrality. The CO2 that is released into the atmosphere causes radiative 
forcing and therefore contributes to climate change (Michelsen et al. 2012). 
From a forest stand perspective, there is a time delay between emissions and 
sequestration. This time difference is the main reason why bioenergy obtained 
from sustainably managed biomass has been questioned (Guest et al., 2013); 
(Michelsen et al. 2012); (Wiloso and Heijungs, 2013). Wiloso and Heijungs 
(2013) have also mentioned that methane (CH4), which is a much stronger 
GHG than CO2, can be released when biomass burning is incomplete or 
anaerobic decomposition takes place. 
In addition, CO2 release from forest soils can increase due to soil 
disturbances after the harvesting of logging residues and stumps (De Jong et 
al., 2014); (Zabowski et al., 2008); (Walmsley and Godbold, 2010), and this 
removal might decrease the carbon storage in forest litter and soil pools. 
(Cherubini et al., 2009). Lindholm et al. (2011) found that the harvesting of 
stumps and residues, when compared to a reference scenario in which neither 
residues nor stumps were harvested, decreases the soil organic carbon (SOC) at 
the beginning of each rotation period. However, the authors noted that the 
differences in SOC stocks between these scenarios were small at the end of the 
rotation period. On the other hand, the increase in the decomposition rate could 
62 
 
increase nutrient availability and therefore stimulate vegetation growth (De 
Jong et al., 2014; Clarke et al., 2015). 
In the systems analyzed in the research underlying this thesis, the “carbon 
debt” that exists between biomass combustion and the time it takes to regrow 
the same amount of biomass (Höglund et al., 2013) will vary for different 
forest assortment analyzed. Stumps are an example of slow biomass, while 
tops, branches and small whole trees will “pay back” faster. The final use of 
the extracted biomass will also affect the climate impact. For example, the 
stump cores could be used as material instead of energy, and would therefore 
store carbon for a longer time period. Regarding soil disturbances, the 
integrated supply chains are expected to reduce the impacts on soil by leaving 
the root systems of stumps in the ground and reducing soil compaction due to 
less heavy machinery movement in the stand. However, more biomass will be 
extracted during thinning, which could decrease the carbon storage in forest 
litter and soil. 
 
 Input data  
“The levels of cut-off criteria and the maximum permissible uncertainty are 
together with the achieved technical, geographical and time-related 
representativeness as well as method consistency - the key measure for the 
overall quality (i.e. accuracy, completeness, and precision) of the outcomes of 
the LCI/LCA study” (EU-JRC-IES, 2010). 
Data quality is another key factor that influences the confidence in the LCA 
results. According to EU-JRC-IES (2010) the representativeness (and 
accuracy) of the LCI data “addresses how well the collected data represents the 
true inventory of the process for which they are collected regarding 
technology, geography and time”. The appropriateness refers to “the degree to 
which a process data set that is used in the system model actually represents 
the true process on the analyzed system”. Since the technology used in a 
system strongly influences the LCA results, it is important that the inventory 
data represents the true technological characteristics of the system. The 
geographical representativeness refers to how well the data represent the 
system with respect to location (EU-JRC-IES, 2010). This is also relevant for 
the background data. Temporal representativeness is closely linked to 
technological representativeness since technology changes over time. Other 
important components of data quality are completeness and precision. 
Completeness refers to how well the inventory data covers all relevant impact 
categories. Precision is defined in ISO 14044 (2006) as the “measure of the 
variability of the data values for each data expressed”.  
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In the research underlying this thesis, data for the foreground system 
(processes related specifically to the system under consideration) and 
background system (processes associated with machinery, fossil fuels and 
electricity production) were obtained according to section 2.3. Data from 
published literature, from machine dealers, contractor companies, as well as 
data from FPInterface (in the Canadian case) correspond to the specific 
technology used in each analyzed system in the region under study. 
Furthermore, data from the national forest inventory regarding available 
biomass and road transportation distances based on GIS were used for 
calculations. Particular attention was given to ensuring the representativeness 
and appropriateness of the inventory data. However, some assumptions were 
needed, and this increased the uncertainty on the results. Sensitivity analysis 
was performed in the uncertain parameters. For example, in study II, the 
differences in estimates of fuel consumption required for extracting stump 
cores presented there and by Berg et al. (2014), along with uncertainties of 
stump core as a new assortment that is obtained using technology in a concept 
stage (feller-puller), resulted in a sensitivity analysis in which the fuel 
consumption of the stump core supply chain was increased to 20 l/ODt, as 
Berg et al. (2014) reported. In study III, there were important differences 
between the Canadian and Swedish scenarios in terms of the origin of the data. 
Most of the Swedish data (specifically regarding machinery time and fuel 
consumption, and harvested volumes) were obtained from calculations and 
models from the literature, while the Canadian data were directly obtained 
from field measurements by FPInnovations and then introduced to FPInterface. 
Therefore, a sensitivity analysis using machine productivity data reported by 
Erikson and Lindroos (2014) - data based on records from the Swedish forestry 
company SCA operating in Scots pine and Norway spruce forests in Northern 
Sweden - was conducted to overcome this limitation. Furthermore, the time 
consumption of the skidder and grinder in the Canadian scenarios were tested 
by means of a sensitivity analysis since these values differed from those found 
in literature describing the same region. A sensitivity analysis was also used to 
test the effects of a 20% decrease in fuel consumption by Canadian machinery 
(feller-buncher, skidder, processor and horizontal grinder) since fuel 
consumption is expected to decrease as diesel power technology evolves 
(Timothy, 2010).  When this reduction in fuel consumption was combined with 
the reduction in grinder and skidder time consumption, the environmental 
impacts decreased 15 to 24% depending on the supply chain and impact 
considered, with the exception of FEP, which only decreased by around 1%. 
This result demonstrates how representativeness of inventory data regarding 
time can affect research; old data of machinery fuel consumption may not 
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represent the current situation. Study IV utilized a sensitivity analysis carried 
to show how key parameters affect the results. Specifically the use of 
electricity from the power grid instead of fossil diesel drastically changed the 
results. 
Data completeness is greatly influenced by the definition of system 
boundaries. In the presented research, as was mentioned above, emissions due 
to changes in soil carbon stocks and the decay of biomass have been excluded 
from the analysis. The consideration, or exclusion, of biotic carbon uptake and 
release will also influence results. Finally, the applied LCI methods need to be 
in line with the goal and scope of the studies (methodological appropriateness) 
and need to be consistently applied across all processes. These factors will also 
influence the accuracy of the data. The scenarios in the different studies 
presented in this thesis were harmonized in terms of functional unit and 
methodological assumptions (system boundaries, database used for secondary 
data, and impact assessment method) in order to carry out a valid comparison.  
 
 Allocation  
When allocation cannot be avoided, the input and output flows have to be 
divided between products according to physical relationships (ex. mass, 
volume, energy) or economic values (ISO 14040, 2006). Allocation based on 
energy content can be problematic if all of the co-products are not used for 
energy production (Ahlgren et al., 2015). Allocation by market price, on the 
other hand, is complicated by the high variability of forest product prices over 
time (Karjalainen et al., 2001). System expansion is a method for avoiding 
allocation in which the product system is expanded to include the additional 
functions related to the co-products (ISO 14044, 2006). According to EU-JRC-
IES (2010), this method is only applicable in attributional LCA when the 
assessment includes interaction with another system. 
Different allocation methods will have different influences on the results. 
Sandin et al. (2015) explored how different allocation methods affected the 
climate impact assessment of some biorefinery products. For the main product, 
economic allocation and allocation based on exergy yielded similar results 
since the main product dominated both in physical and economic terms. 
However, when these allocation methods were applied to by-products, the 
results were very different. Therefore, the choice of the allocation method is 
more relevant for a non-dominant product (Sandin et al., 2015). 
The research presented in this thesis avoided allocation as much as possible 
by increasing the level of detail in the modelling of key processes such as 
harvesting and forwarding (specific values were calculated per each 
assortment). However, allocation was necessary in certain processes (see 
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section 2.4). Most of these processes had a small contribution to the total 
environmental impacts. Therefore, the influence of different allocation 
methods on the presented results is expected to be low. 
 
 Impact categories and characterization methods 
The assignment of the LCI results to the selected impact categories 
(classification) and calculation of impact category indicator results 
(characterization) are mandatory steps of LCIA (ISO 14044, 2006). The 
selection of the impact categories and characterization model should be 
consistent with the goal and scope of the LCA study (ISO 14044, 2006). To 
provide a comprehensive environmental analysis, and avoid drawing the wrong 
conclusions, it is important to take into account that processes with positive 
GWP effects can perhaps have negative effects in other impact categories 
(Klein et al., 2015). Therefore, additional environmental impact categories 
should be considered. GWP was chosen in the research underlying this thesis 
because of its relevance in a climate change context. The other impact 
categories (TAP, MEP, FEP, POFP, NMVOC and FDP) were chosen because 
they are common categories reported in LCAs of forest systems (Klein et al., 
2015; Cherubini and Stromman, 2011), and therefore provide a good basis for 
comparisons. Björkman and Börjesson (2014) identified five main 
environmental impact categories while focusing on forest residue recovery: 
climate change; acidification; eutrophication; biodiversity; and forest 
productivity. The three first categories were analyzed in the research 
underlying this thesis. The last two categories were not included in the 
presented calculations, but their implications were discussed in sections 4.3.4 
and 4.5.4.  
Characterization models describe the relationship between LCI results and 
impact category indicators. They are used to derive the characterization factors 
and should be scientifically and technically valid (ISO 14040, 2006). Different 
models have been developed by various research teams, yet these models are in 
different stages of development, which can add uncertainty to the LCIA phase 
(ISO 14040, 2006). There are additional methodological characteristics that are 
important to take into account when choosing the characterization models: 
midpoint or endpoint levels, world regions where the models are valid, and 
time perspective of the characterization factors. The ISO standard allows LCA 
practitioners to use impact category indicators that are between the inventory 
result (i.e. emission) and the “endpoint” (areas of protection: human health, 
natural environmental and natural resources). These indicators are referred to 
as “midpoint level” indicators. These indicators generally have lower 
uncertainty (Goedkoop et al., 2016). Concerning the regional dimension, some 
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environmental impacts have a global scope (i.e. GWP) whereas others have 
adopted a regional perspective (i.e. acidification and eutrophication). Most 
methods have been developed to reflect the conditions in Northern and middle 
Europe, the USA and Japan (Goedkoop et al., 2016). In relation to the time 
horizon selected, this will affect the LCA results since time influences the 
relative importance of different types of emissions (Røyne, 2016). 
ReCiPe midpoint with a 100-year time horizon was chosen for studies III 
and IV. The ReCiPe midpoint is a common model used in LCA studies of 
forest production (Klein et al., 2015), and a 100-year time horizon is one of the 
most commonly used characterization factors for potential climate impact in 
LCA studies (Ahlgren et al., 2015; Finnveden et al, 2009). The developers of 
this method have often used European-scale models to evaluate impacts such 
as acidification and eutrophication. They have also tried to generalize the 
models so that they would be relevant for all developed countries in temperate 
regions (Goedkoop et al., 2009). This means that the validity of the ReCiPe 
method is limited to developed temperate regions. 
4.5.3 Different LCA approaches and other environmental impact 
assessment tools 
Attributional LCA (ALCA) has been applied in the research underlying this 
thesis. However, two other LCA approaches, consequential (CLCA) and 
dynamic LCA (DLCA), exist. ALCA and CLCA use different methods and 
system boundaries to answer different questions. In general, CLCA aims to 
assess the consequences of changing demands, whereas ALCA is used to 
assess the environmental burden of a product assuming a status-quo situation. 
(Thomassen et al., 2008). Since different systems are modeled, the results from 
CLCA and ALCA also differ (Brander et al., 2008). ALCA provides 
information about the impacts of the processes that are used to produce a 
product. This is a more straightforward approach for emission accounting and 
the level of uncertainty is expected to be lower than in CLCA (Brander et al., 
2008). However, ALCA does not consider the market effects of the production 
and consumption of the product, which is part of CLCA (Brander et al., 2008). 
On the other hand, DLCA considers the temporal profile of emissions, 
which is not considered in ALCA or CLCA. DLCA is a methodology for 
evaluating systems of which the consequences are distributed over time 
(Dyckhoff and Kasah, 2014). DLCA results are sensitive to the end-of-life 
scenario assumed for the product analyzed, the timing of forest growth and the 
time horizon for global warming potential (Peñaloza et al. 2016). 
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The research underlying this thesis compared different forest supply chains 
and systems from either a gate-to-gate or cradle-to-gate perspective. The final 
industrial products produced from the biomass delivered to industry, as well as 
and their intended use, were not included in the system boundaries. Therefore, 
a DLCA approach would have been incomplete since the final products, their 
uses, and end-of-life scenarios were outside of the system boundaries. 
Differences in emissions between the analyzed assortments and processes were 
the key result of the presented studies. No markets effects were included. 
Therefore, ALCA was the most appropriate approach to fulfill the goals and 
scopes of the studies presented in this thesis. 
There are other environmental tools than LCA for assessing the 
environmental impacts of processes and systems. Björkman and Börjesson 
(2014) briefly described several of these tools and discussed their applicability 
to the environmental assessment of forest residue recovery. The authors 
concluded that Environmental Impact Assessment (EIA) and LCA, as part of 
the EIA approach, are suitable tools for this purpose. EIA is site-specific and 
allows a researcher to assess the impacts of biodiversity, acidification and 
eutrophication at the stand level (Björkman and Börjesson, 2014).  
Another tool is ToSIA (Tool for Sustainability Impact Assessment). ToSIA 
analyses the three dimensions of sustainability (economic, environmental and 
social) in forest-wood production chains from the forest to the end-of-life of 
final products. The tool allows different production chains to be compared in 
terms of sustainability impacts (European Forest Institute, 2014a). All 
processes of a specific chain are calculated as if they were simultaneous 
because the impact assessment for the whole chain is calculated for one 
specific time reference, usually one year. Different studies have chosen ToSIA 
as the method for sustainability impact assessment (Lindner et al. 2011; Den 
Herder et al. 2012; Werhahm-Mees et al. 2010; European Forest Institute, 
2014b). This tool could have been used in the research underlying this thesis. 
In that case, data related to the social aspects of the forest supply chains would 
have been needed. However, LCA - although limited only to environmental 
assessment – is more commonly used in wood production and bioenergy 
system analysis, and this facilitates comparison between studies. EIA is a 
broader tool that not only assesses the environmental impacts of projects, 
processes and/or systems, but also includes measures to avoid, reduce or 
compensate those impacts, which is outside the scope of this thesis. 
68 
 
4.5.4 Other environmental considerations 
Although the use of wood fuels can be considered environmentally beneficial 
in terms of reducing GHG emissions compared to fossil fuels, this application 
can have other negative environmental implications such as changes in soil 
nutrient content and structure, along with their possible effects on forest 
productivity, changes in water quality, and the reduction of deadwood with the 
associated adverse consequences for biodiversity (Ferranti 2014). These 
negative aspects were not included in the presented analyses. It is important to 
mention that the chosen midpoint environmental impact indicators were 
relevant for the goals and scopes of the presented studies. Therefore, the final 
effect of resource consumption on forest ecosystems was not included, but it is 
expected that the higher values of midpoint indicators will translate to higher 
values of endpoint indicators. Nevertheless, the negative impacts mentioned 
above are important factors to consider when assessing the sustainability of the 
forest supply chains. Long-term field experiments should be continued to 
provide further knowledge of the long-term effects of increasing biomass 
recovery (Björkman and Börjesson, 2014). 
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The research underlying this thesis assessed the costs and environmental 
impacts of conventional and integrated forest supply chains in Northern 
Sweden, as well as a case study in Canada, from a life cycle perspective. The 
results presented here improve knowledge about forest supply chains, and they 
can stimulate the development of more efficient supply chains that will be 
characterized by reduced environmental impacts such as GHG emissions. The 
main conclusions of the presented research were: 
 
 The energy input in the supply chains was relatively small compared to the 
energy content of the harvested assortments in both roundwood and residual 
forest biomass assortments. The amount of energy used corresponded to 
approximately 2-6% of the energy content of the delivered assortments. 
When producing pellets from residual forest biomass, the amount of non-
renewable energy used corresponded to approximately 23% of the energy 
content of the produced pellets. This energy input was reduced to 15% 
when using electricity from the power grid instead of a diesel generator at 
the terminal. Therefore, from a LCA perspective, upgrading forest biomass 
close to the raw material source to a final product, such as pellets, will be a 
better option than producing wood chips depending on the contextual 
distances to final user and depending on the handling and storage processes. 
Operational and system management costs should also be considered before 
making any decisions. 
 
 Integrated supply chains, when compared to conventional supply chains, 
have the potential to reduce the supply cost of non-stemwood assortments. 
In addition, the integrated supply chains were more energy efficient than 
conventional supply chains, and have the potential to reduce GHG 
emissions by approximately 13%. The reduction in TAP, FEP, MEP, POFP 
and FDP was 17%, 24%, 17%, 17%, and 13%, respectively. The supply of 
5 Conclusions 
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conventional stumps remained the most expensive supply chain, and also 
generated the highest GHG emissions per ODt. Therefore, the conventional 
stump supply chain is the least desirable supply chain from a LCA and 
economic perspective. When stump harvesting was excluded from the 
analysis, the integrated supply chains were shown to consume 
approximately 6% more energy than the conventional supply chains, yet 
provide 16 to 26% more biomass. 
 
 Transportation processes accounted for the largest share of energy 
consumption in both conventional and integrated supply chains. 
Assortments that were not delimbed required more energy during 
transportation because they were bulkier. However, bundling whole small 
trees (producing BWT) reduced the volume of this assortment and thus, fuel 
consumption per ODt. The results from study IV showed that the 
transportation of pellets instead of wood chips reduced GHG emissions due 
to a better truck payload. This is because pellets are denser and have lower 
moisture content than wood chips. This difference in GHG emissions will 
be more noticeable as the transportation distances grows and if larger truck 
payloads are used. 
 
 Other processes that largely contributed to GHG emissions were 
forwarding, harvesting, and chipping. In the forwarding process, stump and 
logging residues required the most energy. However, the integrated supply 
chains used less energy during forwarding due to higher stemwood contents 
of the BWT, RS and sawlog with stump core assortments. Harvesting RS 
and long tops rather than pulpwood assortments was more productive 
during both first and second thinning since the harvester did not delimb all 
the branches. The extraction of stump cores consumes little fuel since 
stump cores were harvested when attached to sawlogs, which increased 
machinery productivity and truck payload. However, the supply of this 
assortment was the least studied and it is particularly sensitive to 
uncertainties in the assumptions. 
 
 The Swedish supply chains showed a better environmental profile, on 
average, per ODt than the Canadian supply chains in the regions studied. In 
terms of GWP, the Swedish integrated supply chains had 30% and 38% 
lower values than the Canadian biomass dedicated and conventional supply 
chains, respectively. In terms of TAP, FEP, MEP, POFP and FDP, these 
reductions were 42%, 58%, 42%, 41% and 37% lower, respectively, than 
the Canadian conventional supply chains and 33%, 25%, 33%, 33% and 
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30% lower, respectively, than the Canadian biomass dedicated supply 
chains. This emission reduction was due to lower fuel consumption in key 
processes within the supply chain, i.e. transportation to industry, forwarding 
versus skidding, chipping at terminal versus grinding at roadside, and 
harvesting with harvester versus feller-buncher plus processor operating at 
landing.  
 
 The difference in environmental impacts (climate change, terrestrial 
acidification, marine and fresh water eutrophication, photochemical oxidant 
formation and fossil fuel depletion) between the mobile pellet production 
system operating at a forest landing and a forest terminal was around 1%. 
Therefore, both alternatives can be considered almost equal. However, if 
the Swedish electricity mix was used at the terminal, the environmental 
impacts (with the exception of fresh water eutrophication potential) 
decreased, and operating at the terminal became a better option from a LCA 
perspective. The production stages that consumed the most energy and 
largely contributed to the environmental impacts (hotspots in the system) 
were pelleting, transportation and drying. Therefore, improvements in these 
stages would improve the environmental profile of the system. In fact, a key 
influential factor in the studied system was, other than the use of electricity 
at terminals, the pelletizer capacity. An increase in capacity would reduce 
pellet production time, and therefore, the environmental impacts per ODt. 
Transportation distances was another factor influencing how the systems 
operating at either forest landing or forest terminal performed in terms 
terms of GHG emissions. The system operating at the forest landing 
became more advantageous as the transportation distance grew. In contrast, 
the biomass concentration at the landing had a small influence on the 
environmental profiles. The emission reduction obtained when transporting 
pellets from the landing to terminal instead of wood chips (with a 200 km 
transportation distance) was lower than the emission reduction obtained 
when changing the source of energy at the terminal. When considering all 
of these factors, an electrified mobile pellet production system with high 
operational efficiency that is situated at a terminal close to the harvesting 
sites becomes a better option, from a LCA perspective, than a mobile 
system situated at the landing. This approach could be interesting for the 
pelletizing of Nordic logging residues, especially in regions with long 
transportation distances to industry. 
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In order to reduce the dependency on fossil fuels and fulfil the EU targets on 
GHG emission reductions, an increase in demand of forest biomass is 
expected. Therefore, it is essential to ensure the sustainability of forest supply 
chains. This thesis has assessed several issues related to sustainability of 
conventional and integrated forest biomass supply chains, for example, costs 
and environmental impacts of the consumption of both energy and materials. 
However, the following aspects could be addressed in further studies to 
increase knowledge, and make informed decisions, about the design of forest 
supply chains: 
 
 The negative environmental impacts of new harvesting practices that 
increase the extraction of forest biomass, such as changes in soil nutrient 
content and subsequent effects on forest productivity, changes in water 
quality, reduction of deadwood with the associated adverse consequences 
for biodiversity, and soil compaction (the implementation of integrated 
supply chains is expected to reduce this environmental impact because there 
will be less driving over the terrain than in cases characterized by separate 
extraction of residual biomass). 
 
 The amount of GHG emissions arising from soil disturbances and changes 
in soil organic carbon due to increased harvesting of residual forest 
biomass.  
 
 How does the decay rate affect GHG emissions, and what quality losses 
over time can be expected for the different residual forest assortments? This 
type of study would be especially relevant from a management perspective, 
as managers need to deliver different assortments to different industries 
while maintaining specific quality standards. In addition, this information 
would have applications for situations where residual forest biomass is left 
6 Future research 
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on the harvesting site for a period to leave needles, i.e. a high percentage of 
nutrients. 
 
 Full-scale field trials to verify the results regarding integrated supply chains 
and mobile pellet production plants. This is especially relevant when new 
machinery is used and when new assortments are extracted, i.e. stump 
cores. Study IV assumed that the bio-boiler utilized to generate heat and dry 
the wood chips would only run on fuel from the fine fractions (by-product) 
from the fractioning process. However, to improve combustion in the bio-
boiler, maybe a mixture with wood chips would be needed. Another 
assumption was the linear relation between time and moisture content in the 
drying process. Both assumptions should be tested on the field. 
 
 A characterization of the future demand for the integrated supply chains’ 
assortments. Integrated supply chains would seem most interesting to 
industrial sites with the capacity to process both stemwood and residual 
assortments. It would be relevant to analyze whether current forest 
industries would have possible difficulties in handling and processing 
sawlogs with stump cores, and also future possibilities due to utilization of 
new forest biomass components. 
 
 Operational and system management costs of the mobile pellet production 
system analyzed in study IV. The operational costs of forest operations are 
generally strongly correlated to the operational consumption of diesel fuel, 
and thus strongly correlated to productivity and to the degree of technical 
utilization. The system management cost is strongly correlated to the size 
and complexity of the system. Thus, an additional analysis of the systems 
that considers operational and management costs could be an important part 
of the decision-making process.  
 
 Development of terminal logistics. Forest terminals may act as hubs that 
receive integrated assortments, separate these for different users, and even 
process biomass to the final products, i.e. pellets. 
 
 Positive social aspects. Forest terminals and small-scale decentralized 
bioenergy systems could provide economic development opportunities in 
rural areas.  
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 The timing of GHG emission by considering the whole life cycle of 
different final industrial products. This approach would give a complete 
picture of the GWP generated by the utilization of forest biomass.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
76 
 
 
77 
 
Adams, P., Shirley, J. & McManus, M. (2015). Comparative cradle-to-gate life cycle assessment 
of wood pellet production with torrefaction. Applied Energy, vol. 138, pp. 367-380. 
Akay, A.E., Erdas, O. & Sessions, J. (2004). Determining productivity of mechanized harvesting 
machines. Journal of Applied Sciences, vol. 4 (1), pp. 100-105. 
Ahlgren, S., Bjorklund, A., Ekman, A., Karlsson, H., Berlin, J., Borjesson, P., Ekvall, T., 
Finnveden, G., Janssen, M. & Strid, I. (2015). Review of methodological choices in LCA of 
biorefinery systems - key issues and recommendations. Biofuels, Bioproducts and 
Biorefining, vol. 9 (5), pp. 606-619. 
Asikainen, A. (2004). Integration of work tasks and supply chains in wood harvesting - cost 
savings or complex solutions? International Journal of Forest Engineering, vol. 15, pp. 11-
17. 
Athanassiadis, D., Lindroos, O. & Nordfjell, T. (2011). Pine and spruce stump harvesting 
productivity and costs using a Pallari KH 160 stump-lifting tool. Scandinavian Journal of 
Forest Research, vol. 26 (5), pp. 437-445. 
Athanassiadis, D., Melin, Y., Nordfjell, T. & Lundström, A. (2009). Harvesting potential and 
procurement costs of logging residues in Sweden. Proceedings of 4th International Bioenergy 
2009 Conference - Sustainable Bioenergy Business, Jyväskylä, Finland. 
Afzal, M., Bedane, A.H., Sokhansanj, S. & Mahmood, W. (2010). Storage of comminuted and 
uncomminuted forest biomass and its effect on fuel quality. BioResources, vol. 5 (1), pp. 55–
69. 
Berg, S. (1997). Some aspects of LCA in the analysis of forestry operations. Journal of Cleaner 
Production, vol. 5, pp. 211-217. 
Berg, S. (2003). Harvesting technology and market forces affecting the production of forest fuels 
from Swedish forestry. Biomass and Bioenergy, vol. 24, pp. 381-388. 
Berg, S. (2014). Technology and systems for stump harvesting with low ground disturbance. Diss. 
Paper I: Effect of stump size and timing of stump harvesting on ground disturbance and root 
breakage diameter. Umeå, Sweden: Swedish University of Agricultural Sciences. 
Berg, S., Bergström, D. & Nordfjell, T. (2014). Simulating conventional and integrated stump and 
round wood harvesting systems: a comparison of productivity and costs. International 
Journal of Forest Engineering, vol. 25, pp. 138-155. 
References 
78 
 
Berg S. & Karjalainen, T. (2003). Comparison of greenhouse gas emissions from forest 
operations in Finland and Sweden. Forestry, vol. 76 (3), pp. 272-284. 
Berg, S. & Lindholm, E-L. (2005). Energy use and environmental impacts of forest operations in 
Sweden. Journal of Cleaner Production, vol. 13, pp. 33-42.  
Bergström, D. & Di Fulvio, F. (2014). Comparison of the cost and energy efficiencies of present 
and future biomass supply systems for young dense forests. Scandinavian Journal of Forest 
Research, vol. 29, pp. 793-812. 
Bergström, D. & Matisons, M. (eds) (2014). Forest Refine 2012-2014: Efficient forest biomass 
supply chain management for biorefineries : synthesis report. (Work report No 18). Uppsala, 
Sweden: Swedish University of Agricultural Sciences, Department of Forest Biomaterials and 
Technology. 
Bernesson, S., Nilsson, D. & Hansson, P. (2004). A limited LCA comparing large- and small-
scale production of rape methyl ester (RME) under Swedish conditions. Biomass and 
Bioenergy, vol. 26, pp. 545–559. 
Björheden, R. (2006). Drivers behind the development of forest energy in Sweden. Biomass and 
Bioenergy, vol. 30, pp. 289-295. 
Björkman, M. & Börjesson, P. (2014). Balancing Different Environmental Effects of Forest 
Residue Recovery in Sweden - A Stepwise Handling Procedure. (IMES rapportserie, vol. 84). 
Lund: Miljö- och energisystem, LTH, Lunds universitet. 
Braimakis, K., Atsonios, K., Panopoulos, K.D., Karellas, S. & Kakaras, E. (2014). Economic 
evaluation of decentralized pyrolysis for the production of bio-oil as an energy carrier for 
improved logistics towards a large centralized gasification plant. Renewable and Sustainable 
Energy Reviews, vol. 35, pp. 57-72. 
Brander, M., Tipper, R., Hutchison, C. & Davis, G. (2008). Consequential and attributional 
approaches to LCA: a guide to policy makers with specific reference to greenhouse gas LCA 
of biofuels. Edinburgh: Ecometrica. 
Brunberg, T. (1997). Underlag för producktionsnorm för engreppskördare i gallring. [Basic data 
for productivity norms for single-grip harvesters in thinning.] (Redogörelse No 8. 18 p.). 
Uppsala, Sweden: Skogforsk The Forest Research Institute of Sweden. (In Swedish with 
English summary). 
Brunberg, T. (2004). Underlag till produktionsnormer för skotare. [Productivity-norm data for 
forwarders.] (Redogörelse från Skogforsk No 3. 11 p.) Uppsala, Sweden: Skogforsk The 
Forest Research Institute of Sweden. (In Swedish with English summary). 
Brunberg, T. (2006). Bränsleförbrukningen hos skördare och skotare. [Fuel consumption of 
harvesters and forwarders]. (Redogörelse No 22. 4 p.) Uppsala, Sweden: Skogforsk The 
Forest Research Institute of Sweden. (In Swedish with English summary). 
Brunberg, T. (2007). Underlag för produktionsnormer för extra stora engreppskördare i 
slutavverkning. [Basic data for productivity norms for extra large single-grip harvesters in 
final felling]. (Redogörelse från Skogforsk No 2. 8 p.). Uppsala, Sweden: Skogforsk The 
Forest Research Institute of Sweden. (In Swedish with English summary). 
Canadian Institute of Forestry (2016). More Productive Truck Configurations and Designs. 
Available at: https://www.cif-ifc.org/wp-content/uploads/2016/10/2016-09-20-DEMO-
Presentation-on-Heavy-Trucks.pdf [2017-03-31] 
79 
 
Cherubini, F., Birda, N.D., Cowieb, A., Jungmeiera, G.,  Schlamadingerc, B. & Woess-Gallascha, 
S. (2009). Energy- and greenhouse gas-based LCA of biofuel and bioenergy systems: Key 
issues, ranges and recommendations. Resources Conservation and Recycling, vol. 53 (8), pp. 
434-447. 
Cherubini, F. & Stromman, A.H. (2011). Life cycle assessment of bioenergy systems: State of the 
art and future challenges. Bioresource Technology, vol. 102 (2), pp. 437-451. 
Cherubini, F., Stromman, A.H. & Hertwich, E. (2011). Effects of boreal forest management 
practices on the climate impact of CO2 emissions from bioenergy. Ecological Modelling, vol. 
223 (1), pp. 59-66. 
Clarke, N., Gundersen, P., Jonsson-Belyazid, U., Kjonaas, O.J., Persson, T., Sigurdsson, I. & 
Vesterdal, L. (2015). Influence of different tree-harvesting intensities on forest soil carbon 
stocks in boreal and northern temperate forest ecosystems. Forest Ecology and Management, 
vol. 351, pp. 9-19. 
Daianova, L., Dotzauer, E., Thorin, E. & Yan, J. (2012). Evaluation of a regional bioenergy 
system with local production of biofuel for transportation, integrated with a CHP plant. 
Applied Energy, vol. 92, pp. 739-749. 
Danielsson, B.O. & Liss J.E. (2010). Långa toppar. [Long tops] (Projekt SWX-Energi Rapport 
Np 5. 38 p.) Karlstad, Sweden: Högskolan Dalarna och Karlstads Universitet. (In Swedish) 
Available at:  http://site.eventonline.se/ck_archive/106/files/Gamla_publikationer/SWX/5-
Langa_toppar.pdf 
De Jong, J., Akselsson, C., Berglund, H., Egnell, G., Gerhardt, K., Lönnberg, L., Olsson, B. & 
Von Stedingk, H. (2014). Consequences of an increased extraction of forest biofuel in 
Sweden – a synthesis from the biofuel research programme 2007-2011. Summary of synthesis 
report. (IEA Bioenergy Task 43, Report 2014/01. 37 p.) Eskilstuna, Sweden: The Swedish 
Energy Agency. Available at:  http://www.ieabioenergy.com/wp-
content/uploads/2014/06/Consequences-of-an-increased-extraction-of-forest-biofuel-in-
Sweden-IEA-BIOENERGY-TR2014-1.pdf 
De La Fuente, T., Athanassiadis, D., Gonzalez-Garcia, S. & Nordfjell, T. (2017). Cradle-to-gate 
life cycle assessment of forest supply chains: Comparison of Canadian and Swedish case 
studies. Journal of Cleaner Production, vol. 143, pp. 866-881. 
Den Herder, M., Kolström, M., Lindner, M., Suominen, T., Tuomasjukka, D. & Pekkanen, M. 
(2012). Sustainability impact assessment on the production and use of different wood and 
fossil fuels employed for energy production in North Karelia, Finland. Energies, vol. 5 (11), 
pp. 4870-4891. 
Dias, A.C. & Arroja, L. (2012). Environmental impacts of eucalypt and maritime pine wood 
production in Portugal. Journal of Cleaner Production, vol. 37, pp. 368-376. 
Di Fulvio, F. & Bergström D. (2011). Observations on the effects of rough-delimbing and load 
compression on harvesting system costs in fuel wood thinning. Proceedings of FORMEC 
2011, 44th International Symposium on Forestry Mechanisation, October 9th - 13th 2011, 
Graz, Austria. Available at: 
http://formec.boku.ac.at/images/proceedings/2011/formec2011_paper_difulvio_bergstroem.p
df 
 
80 
 
Dones, R., Bauer, C., Bolliger, R., Burger, B., Faist Enmenegger, M., Frischknecht, R., Heck, T., 
Jungbluth, N., Röder, A. & Tuchschmid, M. (2007). Life cycle inventories of energy systems: 
results for current systems in Switzerland and other UCTE countries. (Ecoinvent report No 
5). Dübendorf, Switzerland: Paul Scherrer Institut Villigen, Swiss Centre for Life Cycle 
Inventories. 
Drushka, K. & Konttinen, H. (1997). Tracks in the forest. The evolution of logging machinery. 
Timberjack group OY. Helsinki. 
Dyckhoff, H. & Kasah, T. (2014). Time Horizon and Dominance in Dynamic Life Cycle 
Assessment. Journal of Industrial Ecology, vol. 18 (6), pp. 799-808. 
Egnell, G., Laudon H. & Rosvall O. (2011). Perspectives on the Potential Contribution of 
Swedish Forests to Renewable Energy Targets in Europe. Forests, vol. 2, pp. 578-589. 
Egnell, G. & Valinger, E. (2003). Survival, growth, and growth allocation of planted Scots pine 
trees after different levels of biomass removal in clear-felling. Forest Ecology and 
Management, vol. 177, pp. 65-74. 
Eliasson, L. & Granlund, P. (2010). Krossning av skogsbränsle med en stor kross. En studie av 
CBI 8400 hos Skellefteå Kraft. [Crushing of wood fuel with a large crusher. A study by the 
CBI 8400 in Skellefteå Kraft]. (Arbetsrapport 716. 6 p.). Uppsala, Sweden: Skogforsk The 
Forest Research Institute of Sweden. (In Swedish).  
Eliasson, L., Granlund, P. & Lundström H. (2012). Effekter på bränsleförbrukning, prestation och 
fliskvalitet av klenträd vs bränsleved som råvara vid flisning med en stor skivhugg. [Effects of 
raw material on performance, fuel consumption and chip quality of a large disc chipper]. 
(Arbetsrapport 777. 10 p.). Uppsala, Sweden: Skogforsk The Forest Research Institute of 
Sweden. (In Swedish with English abstract).  
Eriksson, L. & Gustavsson L. (2008). Biofuels from stumps and small roundwood - Costs and 
CO2 benefits. Biomass and Bioenergy, vol. 32, pp. 897-902. 
Eriksson, L. & Gustavsson, L. (2010). Costs, CO2- and primary energy balances of forest-fuel 
recovery systems at different forest productivity. Biomass and Bioenergy, vol. 34, pp. 610-
619. 
Erikson, M. & Lindroos, O. (2014). Productivity of harvesters and forwarders in CTL operations 
in northern Sweden based on large follow-up datasets. International Journal of Forest 
Engineering, vol. 25, pp. 179-200. 
Eubia (2017a). Biomass procurement and availability. Available at: 
http://www.eubia.org/cms/wiki-biomass/biomass-procurement/ [2017-04-03] 
Eubia (2017b). Recovery of forest residues. Available at: http://www.eubia.org/cms/wiki-
biomass/biomass-procurement/recovery-of-forest-residues/ [2017-04-03] 
European Commission (2009). Directive 2009/28/EC of the European Parliament and of the 
Council of 23 April 2009 on the promotion of the use of energy from renewable sources and 
amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC [2009] OJ L 
140/16. Brussels, Belgium. 
European Commission (2015). Climate change. Climate change factsheet 2015. Brussels, 
Belgium. 
European Commission (2016). Paris Agreement. Brussels, Belgium. Available at: 
http://ec.europa.eu/clima/policies/international/negotiations/paris/index_en.htm [2016-03-10] 
81 
 
EU-JRC-IES (2010). European Commission - Joint Research Centre - Institute for Environment 
and Sustainability: International Reference Life Cycle Data System (ILCD) Handbook - 
General guide for Life Cycle Assessment - Detailed guidance. EUR 24708 EN. Luxembourg: 
Publications Office of the European Union. 
European Forest Institute (2014a). ToSIA – Tool for Sustainability Impact Assessment. Available 
at: http://tosia.efi.int/ [2017-04-04] 
European Forest Institute (2014b). Northern ToSIA. Available at: http://www.northerntosia.org 
[2017-04-03] 
Fantozzi, F. & Buratti, C. (2010). Life cycle assessment of biomass chains: Wood pellet from 
short rotation coppice using data measured on a real plant. Biomass and Bioenergy, vol. 34 
(12), pp. 1796-1804. 
FAO (2016). Forest and climate change. Available at: http://www.fao.org/3/a-i6374e.pdf [2017-
03-30] 
FAO (2017a). Forest products statistics: Global production and trade of forest products in 2015. 
Available at: http://www.fao.org/forestry/statistics/80938/en/ [2017-03-30] 
FAO (2017b). Forest products statistics: Forest products trade. Available at: 
http://www.fao.org/forestry/statistics/80938@180724/en/ [2017-03-30] 
Finnish Statistical Yearbook of Forestry (2014). Official statistics Finland. Helsinki, Finland: 
Natural resources institute of Finland. 
Finnveden, G., Hauschild, M.Z., Ekvall, T., Guinee, J., Heijungs, R., Hellweg, S., Koehler, A., 
Pennington, D. & Suh, S. (2009). Recent developments in Life Cycle Assessment. Journal of 
Environmental Management, vol. 91 (1), pp. 1-21. 
Forest Europe (2015). State of Europe’s Forests 2015. Ministerial Conference on the Protection 
of Forests in Europe. Madrid, Spain. 
Forsell, N., Guerassimoff, G., Athanassiadis, D., Thivolle-Casat, A., Lorne, D., Millet, G. & 
Assoumou, E. (2013). Sub-national TIMES model for analyzing future regional use of 
biomass and biofuels in Sweden and France. Renewable Energy, vol. 60, pp. 415-426. 
Forsberg, G. (2000). Biomass energy transport: Analysis of bioenergy transport chains using life 
cycle inventory method. Biomass and Bioenergy, vol. 19, pp. 17-30. 
Forsberg, M. & Löfroth, C. (2002). Transmit-Förarnas påverkan på bränsleförbrukning och 
utbildning i sparsam körning. [Operator training and impact on fuel efficient driving]. 
(Arbetsrapport [Work Report] 516). Uppsala, Sweden: Skogforsk The Forest Research 
Institute of Sweden. (In Swedish). 
FPInnovations (2015a). FPInterface. Summary report, Biomass (Quesnel base case). Montreal, 
Canada. 
FPInnovations (2015b). FPInterface. Summary report, Forest supply (Quesnel base case). 
Montreal, Canada. 
FPInnovations (2015c). FPInterface. Montreal, Canada. Available at: 
http://fpsuite.ca/l_en/fpinterface.html [2015-05-30] 
Ghaffariyan, M.R., Brown, M., Acuna, M., Sessions, J., Gallagher, T., Kühmaier, M., Spinelli, R., 
Visser, R., Devlin, G., Eliasson, L., Laitila, J., Laina, R., Iwarsson, M. & Egnell, G. (2017). 
An international review of the most productive and cost effective forest biomass recovery 
82 
 
technologies and supply chains. Renewable and Sustainable Energy Reviews, vol. 74, pp. 
145-158. 
Ghafghazi, S., Sowlati, T., Bi, X. & Melin, S. (2011). Life cycle assessment of base–load heat 
sources for district heating system options. The International Journal of Life Cycle 
Assessment, vol. 16, pp. 212-223. 
Goedkoop, M., Heijungs, R., Huijbregts, M., De Schryver, A., Struijs, J. & Van Zelm, R. (2009). 
ReCiPe 2008, A life cycle impact assessment method which comprises harmonised category 
indicators at the midpoint and the endpoint level. Report I: Characterisation. Netherlands. 
Available at: http://www.lcia-recipe.net [2016-05-30] 
Goedkoop, M., Oele, M., Leijting, J., Ponsioen, T. & Meijer, E. (2016). Introduction to LCA with 
SimaPro. Netherlands. Available at:  https://www.pre-
sustainability.com/articles/download/recipe-report/702/pdf [2017-04-03] 
González-García, S., Dias, A.C., Clermidy, S., Benoist, A., Bellon Maurel, V., Gasol, C.M., 
Gabarell, X. & Arroja, L. (2014). Comparative environmental and energy profiles of potential 
bioenergy production chains in Southern Europe. Journal of Cleaner Production, vol. 76, pp. 
42-54. 
Guest, G., Cherubini, F. & Stromman, A.H. (2013). The role of forest residues in the accounting 
for the global warming potential of bioenergy. Global Change Biology Bioenergy, vol. 5 (4), 
pp. 459-466. 
Gullberg, T. & Johansson, J. (2006). A method for integrated extraction of logging residues and 
soil scarification on a small scale. Biomass and Bioenergy, vol. 30, pp. 1035-1042. 
Hagber, L., Särnholm, E., Gode, J., Ekvall, T. & Rydberg, T. (2009). LCA calculations on 
Swedish wood pellet production chains – according to the Renewable Energy Directive. (IVL 
Report B1873). Stockholm: IVL Swedish Environmental Research Institute Ltd. 
Handfield, R.B. & Nichols, E.L. (1999). Introduction to supply chain management. Prentice Hall, 
New Jersey. 
Harrill, H. & Han, H.S. (2012). Productivity and cost of integrated harvesting of wood chips and 
sawlogs in stand conversion operations. International Journal of Forestry Research, vol. 
2012, Article ID 893079. 
Hellsten, S., Helmisaari, H.S., Melin, Y., Skovsgaard, J.P., Kaakinen, S., Kukkola, M., Saarsalmi, 
A., Petersson, H. & Akselsson, C. (2013). Nutrient concentrations in stumps and coarse roots 
of Norway spruce, Scots pine and silver birch in Sweden, Finland and Denmark. Forest 
Ecology and Management, vol. 290, pp. 40-48. 
Hyvönen, R., Ågren, G.I., Linder, S., Persson, T., Cotrufo, M.F., Ekblad, A., Freeman, M., Grelle, 
A., Janssens, I.A., Jarvis, P.G., Kellomäki, S., Lindroth, A., Loustau, D., Lundmark, T., 
Norby, R.J., Oren, R., Pilegaard, K., Ryan, M.G., Sigurdsson, B.D., Strömgren, M., van 
Oijen, M. & Wallin, G. (2007). The likely impact of elevated CO2, nitrogen deposition, 
increased temperature and management on carbon sequestration in temperate and boreal 
forest ecosystems: a literature review. New Phytologist, vol. 173 (3), pp. 463-480. 
Höglund, J., Ahlgren, S., Grahn, M., Sundberg, C. (2013). Biofuels and Land Use in Sweden – An 
Overview of Land-Use Change Effects. (Report No 2013:7). Sweden: f3 The Swedish 
Knowledge Centre for Renewable Transportation Fuels. Available at: http://www.f3centre.se. 
83 
 
ISO 14040 (2006). Environmental management - life cycle assessment - principles and 
framework. Geneva, Switzerland: International Organization for Standardization. 
ISO 14044 (2006). Environmental management - life cycle assessment - requirements and 
guidelines. Geneva, Switzerland: International Organization for Standardization. 
Jirjis, R. (1995). Storage and drying of wood fuel. Biomass and Bioenergy, vol. 9, pp. 181-190. 
Jonsson, Y. (1985). Teknik för tillvaratagande av stubbved. [Technique for stump wood harvest]. 
(Redogörelse, 1985:3). Uppsala: Forskningsstiftelsen Skogsarbeten. (In Swedish with 
summary in English). 
Johnson, L., Lippke, B. & Oneil, E. (2012). Modelling biomass collection and woods processing 
life-cycle analysis. Forest Products Journal, vol. 62, pp. 258–272. 
Junginger, M., Faaij, A., Bjorheden, R. & Turkenburg ,W.C. (2005). Technological learning and 
cost reductions in wood fuel supply chains in Sweden. Biomass and Bioenergy, vol. 29, pp. 
399-418. 
Jungmeier, G., McDarby, F., Evald, A., Hohenthal, C., Petersen, A.K., Schwaiger, H.P. & 
Zimmer, B. (2003). Energy aspects in LCA of forest products - Guidelines from Cost Action 
E9. The International Journal of Life Cycle Assessment, vol. 8, pp. 99-105. 
Jylhä, P. (2004). Feasibility of an adapted tree section method for integrated harvesting of 
pulpwood and energy wood in early thinning of scots pine. International Journal of Forest 
Engineering, vol. 15, pp. 35-42. 
Jylhä, P. (2011). Harvesting undelimbed Scots pine (Pinus sylvestris L.) from first thinnings for 
integrated production of kraft pulp and energy. Diss. Helsinki, Finland: University of 
Helsinki. 
Jäppinen, E., Korpinen, O.J., Laitila, J. & Ranta, T. (2014). Greenhouse gas emissions of forest 
bioenergy supply and utilization in Finland. Renewable and Sustainable Energy Reviews, vol. 
29, pp. 369-382. 
Kanzian, C., Holzleitner, F., Stampfer, K. & Ashton, S. (2009). Regional Energy Wood Logistics 
- Optimizing Local Fuel Supply. Silva Fennica, vol. 43 (1), pp. 113-128. 
Karjalainen, T., Zimmer, B., Berg, S., Welling, J., Schwaiger, H., Finér, L. & Cortijo, P. (2001). 
Energy, carbon and other material flows in the life cycle assessment of forestry and forest 
products. (Discussion paper 10, 2010. 68 p.) Joensuu, Finland: EFI. 
Karlsson, D. (2010). Prestation vid sönderdelning av GROT med olika typer av maskiner. 
[Productivity in chipping of logging residues with different types of machines.] 
(Arbetsrapport 290, Institutionen för skoglig resurshushållning. 44 p.) Umeå, Sweden: 
Swedish University of Agricultural Sciences. (In Swedish with English abstract). Available 
at: http://stud.epsilon.slu.se/1840/1/Karlsson_D_100922.pdf 
Karlsson, L. (2013). Silvicultural regimes and early biomass thinning in young, dense pine 
stands. Diss. Umeå, Sweden: Sveriges lantbruksuniv, Acta Universitatis agriculturae 
Sueciae.  
Kärhä, K., Jylhä, P. & Laitila, J. (2011). Integrated procurement of pulpwood and energy wood 
from early thinnings using whole-tree bundling. Biomass and Bioenergy, vol. 35 (8), pp. 
3389-3396. 
84 
 
Katers, J., Sinppen, A. & Puettmann, M. (2012). Life-Cycle Inventory of Wood Pellet 
Manufacturing and Utilization in Wisconsin. Forest Products Journal, vol. 62 (4), pp. 289-
295. 
Kettunen, J. (2014). Stationary biomass processors - chips with lower costs. Conference paper, 
World Bioenergy 2014, Jönköping, Sweden. 
Kilpeläinen, A., Alam, A., Strandman, H. & Kellomäki, S. (2011). Life cycle assessment tool for 
estimating net CO2 exchange of forest production. GCB Bioenergy, vol. 3, pp. 461–471. 
Kimming, M., Sundberg, C., Nordberg, A. & Hansson, P.A. (2015). Vertical integration of local 
fuel producers into rural district heating systems - Climate impact and production costs. 
Energy Policy, vol. 78, pp. 51-61. 
Klein, D., Wolf, C., Schulz, C. & Weber-Blaschke, G. (2015). 20 years of life cycle assessment 
(LCA) in the forestry sector: state of the art and a methodical proposal for the LCA of forest 
production. The International Journal of Life Cycle Assessment, vol. 20, pp. 556–575. 
Kons, K., Bergström, D., Eriksson, U., Athanassiadis, D. & Nordfjell, T. (2014). Characteristics 
of Swedish forest biomass terminals for energy. International Journal of Forest Engineering, 
vol. 25, pp. 238-246. 
Kons, K. & Läspä, O. (2013). Operational studies of a chain flail debarker. (Bullettin 
08.05.2013.) Umeå, Sweden: Forest Refine Project, Biofuel Region. Available at: 
http://www.biofuelregion.se [2014-09] 
Laitila, J., Ranta, T. & Asikainen, A. (2008). Productivity of stump harvesting for fuel. 
International Journal of Forest Engineering, vol. 19, pp. 37-47. 
Laitila, J., Asikainen, A. & Nuutinen, Y. (2007). Forwarding of whole trees after manual and 
mechanized felling bunching in pre-commercial thinnings. International Journal of Forest 
Engineering, vol. 18, pp. 29-39. 
Laitila, J., Kärhä, K. & Jylhä, P. (2009). Time Consumption Models and Parameters for Off- and 
On-road Transportation of Whole-tree Bundles. Baltic Forestry, vol. 15, pp. 105-114. 
Laitila, J. & Väätäinen, K. (2012). Truck transportation and chipping productivity of whole trees 
and delimbed energy wood in Finland. Croatian Journal of Forest Engineering, vol. 33, pp. 
199-210. 
Larsson, K.N. (2011). Stubbtransporter - en jämförelse av tre olika transportsystem. [Transport 
of stump wood - a comparison of three different transport systems.] (Arbetsrapport 320/2011. 
36 p.) Umeå, Sweden: Swedish University of Agricultural Sciences, Sveriges 
lantbruksuniversitet Institutionen för skoglig resurshushållning. (In Swedish with English 
abstract). Available at: http://stud.epsilon.slu.se/2591/1/Larsson_KN_110510.pdf 
Laschi, A., Marchi, E. & Gonzalez-Garcia, S. (2016). Environmental performance of wood 
pellets' production through life cycle analysis. Energy, vol. 103, pp. 469-480. 
Ligné, D., Eliasson, L. & Nordfjell, T. (2005). Time consumption and damage to the remaining 
stock in mechanized and motor manual pre-commercial thinning. Silva Fennica, vol. 39, pp. 
455-464. 
Lindberg, D. (2008). Stubbtransporter och bränslekvalitet hos stubbved. [Stump transport and 
fuel quality in stump wood.] (Arbetsrapport 220/2008. 37 p Umeå: Swedish University of 
Agricultural Sciences, Sveriges lantbruksuniversitet Institutionen för skoglig 
85 
 
resurshushållning. (In Swedish with English abstract). Available at: http://ex-
epsilon.slu.se/2472/1/Arbetsrapport_220.pdf 
Lindholm, E.L., Berg, S. & Hansson, P.A. (2010). Energy efficiency and the environmental 
impact of harvesting stumps and logging residues. European Journal of Forest Research, vol. 
129, pp. 1223-1235. 
Lindholm, E.L., Stendahl, J., Berg, S. & Hansson, P.A. (2011). Greenhouse gas balance of 
harvesting stumps and logging residues for energy in Sweden. Scandinavian Journal of 
Forest Research, vol. 26, pp. 586-594. 
Lindner, M., Werhahn-Mees, W., Suominen, T., Vötter, D., Zudin, S., Pekkanen, M., Päivinen, 
R., Roubalova, M., Kneblik, P., Brüchert, F.,Valinger, E., Guinard, L. & Pizzarini, S. (2011). 
Conducting sustainability impact assessment of forestry-wood chain: examples of ToSIA 
applications. European Journal of Forest Research, vol. 131 (1), pp. 21-34. 
Liss, J.E. & Johansson, J. (2006). Utvärdering av nytt ekipage för vidaretransport av bränsleflis. 
[Evaluation of new trucks for transportation of fuel chips.] (Arbetsdokument No 3. 23 p.) 
Garpenberg: Högskolan Dalarna, Institutionen för matematik, naturvetenskap och teknik. (In 
Swedish). Available at:  https://www.diva-
portal.org/smash/get/diva2:523013/FULLTEXT01.pdf 
Mangoyana, R.B. & Smith, T.F. (2011). Decentralised bioenergy systems: A review of 
opportunities and threats. Energy Policy, vol. 39 (3), pp. 1286-1295. 
Manner, J., Nordfjell, T. & Lindroos, O. (2013). Effects of the number of assortments and log 
concentration on time consumption for forwarding. Silva Fennica, vol. 47 (4). 
Michelsen, O., Cherubini, F. & Stromman, A.H. (2012). Impact Assessment of Biodiversity and 
Carbon Pools from Land Use and Land Use Changes in Life Cycle Assessment, Exemplified 
with Forestry Operations in Norway. Journal of Industrial Ecology, vol. 16 (2), pp. 231-242. 
Ministry of Natural Resources Canada (2017a). How much forest does Canada have? Available 
at: https://www.nrcan.gc.ca/forests/report/area/17601 [2017-03-30] 
Ministry of Natural Resources Canada (2017b). Statistical data. Available at:  
https://cfs.nrcan.gc.ca/statsprofile [2017-03-30] 
Ministry of Transportation and Infrastructure Canada (2006). Information for Commercial 
Carriers. Available at: http://www.th.gov.bc.ca/cvse/references_publications/booklets1-
6/pdf/Booklet_1_Commercial_Carriers.pdf. [2017-03-31] 
Mobile Flip (2017). Mobile and Flexible Industrial Processing of Biomass. Available at: 
http://www.mobileflip.eu/ [2017-04-04] 
Moffat, A., Oldenburger, J., Verkerk, H., Weiss, G., Wilburguer, C. & Zingg, A. (2015). 
European Forests: Status, Trends and Policy Responses. Madrid, Spain: Forest Europe. 
Munthe, J. & Hultberg, H. (2004). Mercury and Methylmercury in Runoff from a Forested 
Catchment – Concentrations, Fluxes, and Their Response to Manipulations. Water, Air and 
Soil Pollution: Focus, vol. 4 (2-3), pp. 607-618. 
Murphy, F., Devlin, G. & McDonnell, K. (2014). Forest biomass supply chains in Ireland: A life 
cycle assessment of GHG emissions and primary energy balances. Applied Energy, vol. 116, 
pp. 1-8.  
Myhre, G., Shindell, D., Bréon, F.M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., 
Lamarque, J.F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., Takemura, T. 
86 
 
&  Zhang H. (2013). Anthropogenic and Natural Radiative Forcing. In: Climate Change 
2013: The Physical Science Basis. Cambridge, United Kingdom and New York, NY, US: 
Cambridge University Press.  
Nemecek, T. & Käggi, T. (2007). Life cycle inventories of agricultural production systems. (Final 
report ecoinvent v2.0 No 15a). Zurich and Dübendorf, Switzerland: Agroscope FAL 
Reckenholz and FAT TAenikon, Swiss Centre for Life Cycle Inventories. 
Neupane, B., Halog, A. & Dhungel, S. (2011). Attributional life cycle assessment of woodchips 
for bioethanol production. Journal of Cleaner Production, vol. 19, pp. 733–741. 
Nordfjell, T. Athanassiadis, D. & Talbot, B. (2003). Fuel consumption in forwarders. 
International Journal of Forest Engineering, vol. 14, pp. 2. 
Nordfjell, T. & Berström, D. (2010). Geometric thinning of young dense stands. In: Thorsén A, 
Björheden, R. & Eliasson, L. (eds) Efficient Forest Fuel Supply Systems, Composite Report 
from a Four Year, R & D Programme 2007-2010, pp. 80-83. Uppsala, Sweden: Skogforsk 
Forestry Research Institute of Sweden. 
Nordfjell, T., Björheden, R., Thor, M. & Wästerlund, I. (2010). Changes in technical 
performance, mechanical availability and prices of machines used in forest operations in 
Sweden from 1985 to 2010. Scandinavian Journal of Forest Research, vol. 25, pp. 382-389. 
Nurmi, J. (2007). Recovery of logging residues for energy from spruce (Picea abies) dominated 
stands. Biomass and Bioenergy, vol. 31, pp. 375–380. 
Nurminen, T. & Heinonen, J. (2007). Characteristics and time consumption of timber trucking in 
Finland. Silva Fennica, vol. 41, pp. 471–487. 
Nurminen, T., Korpunen, H. & Uusitalo, J. (2009). Applying the activity-based costing to cut-to-
length timber harvesting and trucking. Silva Fennica, vol. 43, pp. 847–870. 
Nuutinen, Y., Kärhä, K., Laitila, J., Jylhä, P. & Keskinen, S. (2011). Productivity of whole-tree 
bundler in energy wood and pulpwood harvesting from early thinnings. Scandinavian Journal 
of Forest Research, vol. 26, pp. 329–338. 
Quade, E.S. & Miser, H.J. (1980). The context, Nature, and Use of System Analysis. (IIASA 
Working Paper). IIASA, Laxenburg, Austria, WP-80-058. 
Pa, A., Bi, X.T. & Sokhansanj, S. (2011). A life cycle evaluation of wood pellet gasification for 
district heating in British Columbia. Bioresource Technology, vol. 102 (10), pp. 6167-6177. 
Paulrud, S. (2004). Upgraded biofuels-effects of quality on processing, handling characteristics, 
combustion and ash melting. Diss. Umeå, Sweden: Swedish University of Agricultural 
Sciences. 
Pelkonen, P., Mustonen, M., Asikainen, A., Egnell, G., Kant, P., Leduc, S. & Pettenella, D. (eds) 
(2014). Forest Bioenergy for Europe. What Science can tell us. Joensuu, Finland: European 
Forest Institute. 109 p. Available at: 
http://www.efi.int/portal/virtual_library/publications/what_science_can_tell_us/ 
Peñaloza, D., Erlandsson, M. & Falk, A. (2016). Exploring the climate impact effects of increased 
use of bio-based materials in buildings. Construction and Building Materials, vol. 125, pp. 
219-226. 
Petersson, H. (1999). Biomassafunktioner for tradfraktioner av tall, gran och bjork i Sverige. 
[Biomass functions per tree fraction for Scots pine, Norway spruce and birch in Sweden]. 
87 
 
(Working Report No 59. 31 p.) Umeå, Sweden: Department of Forest Resource Analysis and 
Geomatics, Swedish University of Agricultural Sciences. (In Swedish). 
Petersson, H. & Ståhl, G. (2006). Functions for below-ground biomass of Pinus sylvestris, Picea 
abies, Betula pendula and Betula pubescens in Sweden. Scandinavian Journal of Forest 
Research, vol. 21, pp. 84-93. 
Porsö, C. & Hansson, P.A. (2014). Time-dependent climate impact of heat production from 
Swedish willow and poplar pellets - In a life cycle perspective. Biomass and Bioenergy, vol. 
70, pp. 287-301. 
PRé-sustainability (2014). Software to measure and improve the impact of your product life cycle. 
Available at: https://www.pre-sustainability.com/simapro [2017-03-30] 
Routa, J., Kellomäki, S., Kilpeläinen, A., Peltola, H. & Strandman, H. (2011). Effects of forest 
management on the carbon dioxide emissions of wood energy in integrated production of 
timber and energy biomass. GCB Bioenergy, vol. 3, pp. 483–497. 
Routa, J., Kellomaki, S. & Peltola, H. (2013). Forest energy procurement: state of the art in 
Finland and Sweden. WIREs Energy and Environment, vol. 2, pp. 602-613. 
Routa, J., Kolström, M., Ruotsalainen,J. & Sikanen L. (2015). Precision measurement of forest 
harvesting residue moisture change and dry matter losses by constant weight monitoring. 
International Journal of Forest Engineering, vol. 26, pp. 71-83. 
Røyne, F. (2016). Exploring the relevance of uncertainty in the life cycle assessment of forest 
products. Diss. Umeå, Sweden: Umeå University. 
Sambo, S.M. (2002). Fuel consumption for ground-based harvesting systems in western Canada. 
(Advantage vol. 3 No 29). Vancouver, BC, Canada: FERIC.  
Sandin, G., Royne, F., Berlin, J., Peters, G.M. & Svanström, M. (2015). Allocation in LCAs of 
biorefinery products: implications for results and decision-making. Journal of Cleaner 
Production, vol. 93, pp. 213-221. 
Sikkema, R., Junginger. M., McFarlane. P. & Faaij, A. (2013). The GHG contribution of the 
cascaded use of harvested wood products in comparison with the use of wood for energy - A 
case study on available forest resources in Canada. Environmental Science and Policy, vol. 
31, pp. 96-108. 
Sikkema, R., Junginger, M., Pichler, W., Hayes, S. & Faaij, A. (2010). The international logistics 
of wood pellets for heating and power production in Europe: Costs, energy-input and 
greenhouse gas balances of pellet consumption in Italy, Sweden and the Netherlands. 
Biofuels, Bioproducts and Biorefining, vol. 4 (2), pp. 132-153. 
Skogforsk (2010). Efficient forest fuel Supply Systems. Available at: http://www.skogforsk.se/ess-
rapport 
Skogforsk (2012). ETT Modular system for timber transport. Available at: 
http://www.skogforsk.se/contentassets/89406f3dca31444d9ef3b3df0b3fd4bc/ett---modular-
system-for-timber-transport.pdf. [2017-03-31] 
Swedish Energy Agency (2015). Energy in Sweden 2015. Eskilstuna, Sweden: Swedish Energy 
Agency. Available at: http://www.energimyndigheten.se/en/news/2015/you-can-now-read-
energy-in-sweden---facts-and-figures-2015/ 
88 
 
Swedish Energy Agency (2016). Energy in Sweden 2016. Eskilstuna, Sweden: Swedish Energy 
Agency.  Available at: http://www.energimyndigheten.se/en/news/2016/energy-in-sweden---
facts-and-figures-2016-available-now/ [2017-03-20] 
Swedish Forest Agency (2008). Skogliga konsekvensanalyser 2008. [Forest impact analyses 
2008]. (SKA-VB 08. Rapport 25). Jönköping, Sweden: Swedish Forest Agency. Available at: 
http://shop.textalk.se/shop/9098/art66/4646166-79b6f0-1812.pdf 
Swedish Forest Agency (2014). Swedish Statistical Yearbook of Forestry 2014. Jönköping, 
Sweden: Swedish Forest Agency. Available at: 
http://www.skogsstyrelsen.se/en/AUTHORITY/Statistics/Statistical-Yearbook-/Statistical-
Yearbooks-of-Forestry/ 
Swedish Forest Agency (2017). Forest and forest land. Jönköping, Sweden: Swedish Forest 
Agency. Available at: http://www.skogsstyrelsen.se/en/AUTHORITY/Statistics/Subject-
Areas/Forest-and-Forest-Land1/ [2017-03-30] 
Sängstuvall, L., Bergström, D., Lämås, T. & Nordfjell, T. (2011). Simulation of harvester 
productivity in selective and boom-corridor thinning of young forests. Scandinavian Journal 
of Forest Research, vol. 27, pp. 56-73. 
Thakur, A., Canter, C.E. & Kumar, A. (2014). Life-cycle energy and emission analysis of power 
generation from forest biomass. Applied Energy, vol. 128, pp. 246–253. 
Thorsén, A, Björheden, R. & Eliasson, L. (eds) Efficient Forest Fuel Supply Systems, Composite 
Report from a Four Year, R & D Programme 2007-2010, pp. 80-83. Uppsala: Skogforsk 
Forestry Research Institute of Sweden. 
Timothy, V.J. (2010). Review of CO2 Emissions and Technologies in the Road Transportation 
Sector. SAE International Journal of Engines, vol. 3, pp. 1079-1098. 
Thomassen, M.A., Dalgaard, R., Heijungs, R. & de Boer, I. (2008). Attributional and 
consequential LCA of milk production. International Journal of Life Cycle Assessment, vol. 
13 (4), pp. 339-349. 
UNFCCC (2017). The Paris Agreement. Bonn, Germany: United Nations Framework Convention 
on Climate Change. Available at: http://unfccc.int/paris_agreement/items/9485.php [2017-04-
12] 
Uusitalo, J. (2010). Introduction to forest operations and technology. Tampere, Finland: JVP 
forest systems Oy. 
Valente, C., Hillring, B.G. & Solberg, B. (2012). Greenhouse gas emissions, energy use, and 
costs - case studies of wood fuel supply chains in Scandinavia. International Journal of 
Forest Engineering, vol. 23, pp. 71-81. 
Von Hofsten, H. (2011). An interactive tool for system analysis. In: Efficient forest fuel Supply 
Systems. Composite report from a for year R&D programme 2007-2010. Uppsala, Sweden: 
Skogforsk The Forest Research Institute of Sweden. 
Von Hofsten, H. & Granlund. P. (2010). Effektivare transporter om stubbarna grovkrossas på 
avlägg. [Effective transportation of stumps pre-crushed at the forest landing.] (Resultat från 
Skogfrosk No 2. 4 p.) Uppsala, Sweden: Skogforsk The Forest Research Institute of Sweden. 
(In Swedish with English abstract). 
Walmsley, J.D. & Godbold, D.L. (2010). Stump harvesting for bioenergy- a review of the 
environmental impacts. Forestry, vol. 8, pp. 17-38. 
89 
 
Werhahn-Mees, W., Palosuo, T., Garcia-Gonzalo, J., Röser, D. & Lindner, M. (2011). 
Sustainability impact assessment of increasing resource use intensity in forest bioenergy 
production chains. Global Change Biology Bioenergy, vol. 3 (2), pp. 91-106. 
Wihersaari, M. (2005). Greenhouse gas emissions from final harvest fuel chip production in 
Finland. Biomass and Bioenergy, vol. 28, pp. 435-443.  
Whittaker, C.L., Mortimer, N. & Matthews. R. (2010). Understanding the carbon footprint of 
timber transport in the United Kingdom. Oslo, Norway: North Energy. 
Whittaker, C.L., Mortimer, N.D., Murphy, R. & Matthews, R. (2011). Energy and greenhouse gas 
balance of the use of forest residues for bioenergy production in the UK. Biomass and 
Bioenergy, vol. 35, pp. 4581-4594. 
Wiloso, E.I. & Heijungs, R. (2013). Key Issues in Conducting Life Cycle Assessment of Bio-
based Renewable Energy Sources. In: Singh, A., Pant, D. & Olsen, S.I. (eds) Life Cycle 
Assessment of Renewable Energy Sources. Green Energy and Technology, pp. 13-36. 
Yaqoot, M., Diwan, P. & Kandpal, T.C. (2016). Review of barriers to the dissemination of 
decentralized renewable energy systems. Renewable and Sustainable Energy Reviews, vol. 
58, pp. 477-490. 
Zabowski, D., Chambreau, D., Rotramel, N. & Thies, W.G. (2008). Long-term effects of stump 
removal to control root rot on forest soil bulk density, soil carbon and nitrogen content. 
Forest Ecology and Management, vol. 255, pp. 720–727. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
90 
 
 
  
91 
 
Forests supply the raw materials for a variety of products that we use in our 
daily lives, such as paper, cardboard, furniture and even entire houses. Forests 
also supply renewable energy, providing heat and electricity for our homes, 
and are an essential resource in low-income countries where wood fuel is the 
most important wood product. In addition to these benefits, forests also play an 
important role in climate change mitigation. Trees absorb carbon dioxide (CO2) 
from the atmosphere during photosynthesis, converting solar energy, CO2 and 
water into carbohydrates while releasing oxygen. Therefore, a growing forest 
constitutes a carbon sink since the carbon absorbed from CO2 is sequestered in 
the biomass. Woody biomass from sustainably managed forests can be used 
instead of energy-intensive materials such as concrete and non-renewable 
energy sources such as fossil fuels to reduce carbon emissions into the 
atmosphere. Therefore, forests can help achieve the sustainable development 
goals adopted by world leaders in the United Nations summit held in New 
York in September 2015, to promote prosperity and protect our planet. 
However, forest supply chains usually require fossil fuels for the 
production, extraction, transport and conversion of biomass into bioenergy or 
other final products, as forestry machinery and trucks usually run on diesel 
fuel. The more fossil fuel a forest supply chain consumes, the less climate 
benefits it provides. Therefore, the biomass procurement and processing 
requirements will make some supply chains better than others from an 
environmental perspective.  
Today in Sweden, the residual forest biomass (tops and branches) that is 
recovered after clearcutting is extracted from the forest and transported to the 
industry separately from stemwood. One alternative to the current conventional 
supply chains is the utilization of integrated supply chains in which the residual 
forest biomass is harvested and transported together with stemwood. Moreover, 
mobile production systems, such as small-scale mobile pellet plants, situated 
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close to the raw material source could further enhance the efficiency of the 
residual forest biomass supply chains. 
The aim of this thesis was to assess cost, energy consumption, greenhouse 
gas (GHG) emissions and other relevant environmental impacts of 
conventional and integrated forest supply chains in Northern Sweden. A case 
study in Western Canada and a mobile production system for pelletizing 
logging residues were also evaluated in the research underlying this thesis. 
The results showed that integrated supply chains have the potential to 
reduce the supply cost for residual forest biomass. Moreover, the integrated 
supply chains were more energy efficient than conventional supply chains, and 
have the potential to reduce GHG emissions by approximately 13%. The 
Swedish supply chains also showed better environmental results than the 
studied Canadian supply chains. When all of the forest assortments were 
considered, the Swedish integrated supply chains exhibited between 30% to 
38% lower average GHG emissions than the Canadian supply chains. 
The analysis of a small-scale mobile pellet production system showed that 
the best option, from an environmental perspective, would be an electrified 
mobile system with high operational efficiency that is situated at the terminal 
(an intermediate site between the forest and industry where different forest 
assortments are temporarily stored and potentially pre-processed) close to the 
harvesting sites. This type of system could be an interesting option for the 
pelletization of Nordic logging residues, especially in regions that have long 
transportation distances to industry. The results presented in this thesis have 
provided knowledge that could be used to develop more efficient supply chains 
in the future. 
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Skog och skogsbruk är en viktig leverantör av råvaror till produkter som vi 
använder i våra dagliga liv, som papper, kartong, möbler och hus. Skog 
levererar också förnybar energi som ger värme och el till våra hem. Dessutom 
spelar skogar också en viktig roll för att mildra klimatförändringen. Träd 
absorberar koldioxid (CO2) från atmosfären, omvandlar solenergi, CO2 och 
vatten till biomassa samtidigt som syre produceras och släpps ut. Därför utgör 
växande skog en kolsänka då kolet lagras i biomassan. Biomassa från hållbart 
brukade skogar kan användas istället för energiintensiva material som betong 
och fossila energikällor. Skog kan därför bidra till att uppnå de hållbara 
utvecklingsmål som världsledarna antog i september 2015 på FN-toppmötet i 
New York, för att främja välstånd och för att skydda vår planet. 
Skogsförsörjningskedjor kräver emellertid fossila bränslen för skörd och 
transport eftersom skogsmaskiner och lastbilar oftast körs på dieselbränsle. Ju 
mer fossilt bränsle en skogsförsörjningskedja förbrukar desto lägre 
klimatfördelar ger den. Därför är vissa försörjningskedjor bättre än andra ur 
miljösynpunkt. 
I Europa förväntas marknaden för skogsbioenergi och andra träbaserade 
produkter att fortsatt växa. Biprodukterna från den svenska skogsindustrin 
utnyttjas dock redan fullt ut. Därför måste en ökning ske genom att ta tillvara 
större mängder råvara direkt från skog än idag. 
Tillgången av GROT (GRenar Och Toppar) beror på omfattningen av 
konventionella avverkningar, och främst då på föryngringsavverkningar. 
Nuvarande konventionella försörjningskedjor innebär att rundvirke och GROT 
tas tillvara i helt separata processer. Först avverkas och transporteras 
rundvirket till bilväg och en tid senare transporteras GROT ut med en annan 
skotare.  Ett alternativ är att utnyttja integrerade försörjningskedjor där GROT 
skördas och transporteras tillsammans med rundvirket. Det är också ett 
alternativ att pelletera GROT på ett tidigt stadium i försörjningskedjan för att 
öka transporteffektiviteten fram till industri. För detta krävs nya metoder som 
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har hög energieffektivitet, som inte förorsakar stora utsläpp av växthusgaser 
och som medför bättre ekonomi än konventionella försörjningskedjor.  
Det övergripande syftet med denna avhandling var att utvärdera kostnad, 
energianvändning, växthusgasutsläpp och annan relevant miljöpåverkan för 
konventionella och integrerade försörjningskedjor av skoglig biomassa i norra 
Sverige.  
Analyserna omfattade modellering av konventionella och integrerade 
försörjningskedjor och en fallstudie i västra Kanada för jämförelse. Analyserna 
innefattade också modellering av ett mobilt produktionssystem för pelletering 
av GROT från föryngringsavverkning. Analyserna har i huvudsak utförts med 
livscykelanalysmetodik (LCA). 
Resultaten visade att integrerade försörjningskedjor har potential att minska 
kostnaden för GROT vid industri. Dessutom var de integrerade 
försörjningskedjorna mer energieffektiva än konventionella försörjningskedjor 
och har potential att minska utsläppen av växthusgaser med cirka 13%. 
Minskningen av ekosystemets försurning, övergödning av vatten, bildandet av 
fotokemiska oxidanter och minskad förbrukning av fossila bränslen i samband 
med övergång från en konventionell till en integrerad försörjningskedja var i 
spannet 13 till 24 %.  
När alla sortiment beaktades uppvisade de svenska integrerade 
försörjningskedjorna 30 till 38 % lägre växthusgasutsläpp än de kanadensiska 
försörjningskedjorna. 
Analysen av ett småskaligt mobilt pelletsproduktionssystem visade att ur 
miljösynpunkt borde det bästa alternativet vara ett eldrivet mobilt 
högproduktivt system som ligger vid terminal. Terminalen är då en temporär 
lagringsplats som ligger nära skogen, där en del material kan komma att 
förbehandlas. Denna typ av system kan vara ett intressant alternativ för 
pelletering av GROT, särskilt i regioner som har långa transportavstånd till 
industrin.  
Resultaten som presenteras i denna avhandling har gett kunskaper som kan 
användas för att utveckla mer effektiva försörjningskedjor till befintliga och 
kommande industrier som baseras på skogligt biomaterial.    
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